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ABSTRACT

IRRIGATION EFFECTS ONGROWTH, STRESS, VISUAL QUALITYAND

EVAPOTRANSPIRATION OF ORNAMENTAL GRASSES

Deficit irrigation researchds proven extremely effective foeducing the amount of
irrigation applied to various types of landscape plants including trees, shrubs, amnedesba
ornamental plants. This research has yet to delve in to one of the most common classes of
drought tolerant plants, ornamental grasdsficit irrigation treatments were based on
evapotranspiration of a short reference crop (Kentucky bluegrass evapotraospie&l). In
2012 three ornamental grass species were planted, andsgte atmometer was used to estimate
ETo. The three species used for trialing weesicum virgatumRotstrahlbusch’

(Rotstrahlbusch Switchgras§ghizachyrium scopariutBlaze’ (Blaze Little Bluestem), and
Calamgrostis brachytrich@orean Feather Reed Grass). Treatments were applied and data was
collectedin 2014 and 2015 on two separate studies. The first study wgasund and consisted

of four treatments based on &0%, 25%, 50%, and 100%). The second study was a mini-
lysimeter and consisted of three treatments based e(E%, 50%, and 100%). Only
Schizachyrium scopariufBlaze’ (Blaze Little Bluestem) was used in the lysimeter study. Data
collected in both studies included plant water potential, biomass accumulatien,up date,
flowering date, height, width, circumference, floral impact, landscape impact)ldadbi, self-
seeding, and color. The in-ground comporadsd measurehfrared canopy temperature and

soil water content, while the lysimeter study included daily weight measutembith were

then transferred to evapotranspiration readings. Plants in the 0% treatmenhalézeand not



considered visually suitable for landscape use. All three species in the 25% treaffioentqul
equivalent to the 50% and 100% treatments in all categories. The only exception was plants
the 25% mini-lysimeter study were more stressed than the 50% or 100% treatmieigts dur
periods of drought. These plants were all considered visually suitable for landse&ases on
visual ratings This suggests that as long as ornamental grassespaienke strict weekly
regiment of 25% EJ; and are never exposed to periods of drought, they will be physiologically
as well as aesthetically usable in the landscape trade. A weekly amount otBexbah

irrigation on weeks without precipitation was determined to be a usable numberder t

installing andmaintaining ornamental grasses.
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INTRODUCTION

Minimal scientific research has been performadrnamental grasses, specifically
pertaining to the amount of water used. Considering the fact thatwiategardening is
becoming more popular across the United States, it is important to obtaitifisaiiata about
landscape plants which can aid this increasing waitee community. Ornamental grasses are
widely used by municipalities, businesses, and homeowners and most ornamentarglants
frequently over-irrigated in these situations (GreenCO, 2008). It is a gted piroject to
determinghe lowest possible irrigation level (relative to bluegrass evapotranspjratiovhich
common ornamental grasses can be watered while mangdiath beauty and viability. The
key aspect of this research is to determine an irrigation level at whiphatits are not stressed,
and also maintain ornamental quality and health for the future. This is a pionegdiyng st
because it couples the idea of survival and stress with visual quality of otahgrasses as
seen by industry personnel and homeowners. A second goal of the study is to quantify the
amount of water these ornamental grasses use. Since the industry standard is tthassume t
grasses are “low water users”, it is important to quantify the waterCeepled with this idea is
discovering he critical water potential or critical stress levels these grasses can reach before they
are no longer considered viable for sale in the landscape trade. In addition toraehenm
much water “low water uses” grasses need, the goal of this studyg i® astermine how long
they can go without that water and how stressed they are during that period. Anoth&mimpor
aspect is to note what critical stress level these plants reach when they cannot rexotres fr
stress. The critical stress level could have massive implications on how litetinegte plants

actually require. A final element is to determine if these deficit levels of ioigate feasible



during periods of drought. Itis great to know that plants can survive using less whiteis b

also important to know the consequences of sudden droughts following limited watering. This is
an extremely common problem in the nursery industry (Davidson, 2000), and, therefore,
prolonged periods of drought are very important to investigeiés study is meant to serve as a
launching point for other studies on ornamental grasses and as a general outieédefozls of

irrigation, stress, and visual quality these plants are capable of in varioualigahé situations.

In addition this study aims to classify the photosynthetic pathw@galaimgrostis
brachytricha(Korean Feather Reed Grass). Currently the literature is in debate whether this
plant is a Gor G species (or switches between the two). Since this is a pilot study for common
ornamental grasses, determining the photosynthetic pathw2glarihgrostis brachytriches

important.



LITERATURE REVIEW

Water is one of the most valuable and limited resources in the world. Watab#itya
in the United States has decreased in the past twenty years as populationsiisteeady (Sun
et al., 2008). According to the US Census Bureau, the population of Colorado has increased
48% in the past 20 years from 3.496 million to 5.188 million (Endter-Wada, 2008). Further,
population growth is expected to increase by a minimum of 50% in the next 20 years (Sun et a
2008). The United States General Accounting Office states that with imgygegulation
growth and variability in climate change in Colorado, significant watetaipes are in store for
the future (Costello and Jones, 2000). Diminishing horticultural growing grounds and widely
used unsustainable practices also play a large role in reducing watabititsa{Boyer, 1982).
Considering that landscape irrigation camstitute between 400% of total household water
consumption, finding ways to efficiently use household irrigation should have a significant
impact on large scale water savings (Hilaire et al., 2008). Of thr9%q) it is common for
residential landsapes to be supplied with far more water than is needed for healthy growth
(Hilaire et al., 2008). With increasing temperatures and decreasing watab#gilwater use
efficiency (defined as desired product produced per unit water used) in residecisgapes is
one of the most important aspects of plant development (Qian, 2014). To further compound the
problem, between 300% of all potable water is used to irrigate these same landscapes
(Zollinger et al., 2006). Potable water is extremely vdkiahd has the potential to be used in
other ways that benefit the local community. In Colorado the use of grey water is highly
restricted and regulatetbrcingmost landscaps and municipaliesto use water of higér

quality (Whiting, 2012: 267).



Landscape irrigation can be defined as the systematic application of water to land areas
that supply water needs of ornamental plants (Hilaire et al., 2008). Frodefimision, it is
clear that a highly systematic approach must be taken if this valuablece is to be used more
effectively. One method to conserve water in the horticulture industrapgply deficit
irrigation. Deficit irrigation can be defined as the application of wateratteaof volume lower
than that of the evapotranspiratidil( rate. Aspects such as carbon regulation, and general
aesthetic appeal are easy to properly manage at lower levels of irrigatcaréhcurrently
provided. It has been shown through various research efforts that many ornamental plants
perform accepbly when water is applied at significantly lower than general guidelines-(20%
50% of ET)( Costello and Jones, 2000; Beeson, 2005). Pittenger and Shaw (2004) were able to
show that in a 30 species trial of shrubs 11 species maintained acceptable aggibatiwith
0% supplemental irrigation, and another 14 species performed just as well at 18%nsutalle
irrigation. In this particular study 80% of species performed to proper ornamentidrsis
while being watered at under 20% standard irrigation (below 20% ET) (Schuch and Burger,
1997). This shows that aesthetically pleasing landscapes andeffatient landscapes are not
mutually exclusive concepts (Hilaire et al., 2008). Since quality aesthetine f the most

important aspect of ornamental production.

To further complicate this issue, much of the information about “standardmgater
procedures” available to the public is r@search based, and is instead based on general
observations and hearsay. One of the many issues with efabeznt landscapes is the way
they are portrayed to the public. Many residential landscapers defineeffatiert landscapes
as unattractive, sparse plantings with large areas of soil and gravel in betwaqyublit

survey conducted by Hurd et al. (2006), one of the highest rated social barriers to irestalling



waterefficient landscape is aesthetic concerns for the property (Hurd et al., 2006)9%of
participants agreed that waitefficient landscapes have the potential to be aestheticallyipiga
whereas 63% disagreed (Hurd et al., 2006). At the same time, 96% of participaeatstagt if
ornamental grasses proved to maintain visual quality, they would use them in thegarolen

(Wolfe I11, 1998).

These public perceptions are contréelicby frequent legislative practices proposing bills
for efficient water use in urban landscapes and municipalities (Hilaire 208B). As more
communities begin mandating efficient water use, implementing more efatent landscapes
will be an nevitable and mandatory aspect of future landscapes in Colorado (Hilaire et al
2008). Clearly, an informational bridge between providing beautiful landscapesidented
landscapers and reducing water inputs to the greatest extent possible heeidsited. This
informational bridge becomes increasingly necessary because the amount of viaitethese
United States is expected to increase, while precipitation decreases, andea$agHilaire et
al., 2008) This implies that more water will beecessary to maintain residential plants while less

water will be available for that task.

Drought tolerance is a defining characteristic of many ornamental grass species
worldwide (Tucker et al., 2011). There is no single definition, but one definition of droarght c
be described as a shortage of water, usually associated with a precipitatiorfiMeKei¢ et al.,
2009). Simply put, drought occurs when the demand for water exceeds the supply of water
(McKee et al., 2009). The definition of drought varies depending on the person who supplies the
definition. Farmers, hydrologists, and economists all have varying definitions of drought whi
can include aspects of meteorology, agriculture, hydrology, and socioeconomittsdfSani

Klett, 2013), but the common denominator to all definitions is an insufficient supplgtef.



Another aspect ofrdught which most definitions agree upon is that it is episodic in nature
(Weaver, 1968). These episodic swings can be seen on multiple levels fromldegade
reductions in precipitation, to seasonal fluxes, all the way down to mid-day inducti@tesf w
stress (Tucker et al., 2011). To this extent, drought is location dependent, aslCslamrettest
year on record (along the Front Range) may still be drier than the driest yeaoronatec

locations on the east coast (McKee et al., 2009).

Plants havevarious strategies to cope with drought stress which can be divided into
categories of escape, avoidance, and tolerance (Chaves et al., 2003). Plants canimiizen m
water loss by closing of stomata, displaying partial dormancy (metabolic inhibrtdimg
leaves, and displaying dense trichomes (Chaves et al., 2003). Plants may alsaenaaier
uptake by increased energy investment in roots, increased rooting depth, and the shedding of old
leaves (Chaves et al., 2003). While drought is commonly believed to focus on stomatal
processes (the opening and closing of pores at a plant’s surface) , the various methods by whi
plants cope with drought show that both stomatal andstmmatal processes are affected by
drought (Zhou et al., 2013). Modapts also have the ability to perceive water deficit and
communicate it through signtinsduction to the remaining parts of the plant (Chaves et al.,
2003). The extent to which drought reduces productivity is widely debated and is generally
thought tobe species or genus specific (Smith and Klett, 2013). Critical water pot¢Wials
defined as the minimum water potential a plant can endure and still recover) gamamngmwhere
from -1 MPa to -60 MPa depending on the species (Qian, 2014). Dnasgigthnce is a
function of a plant’s individual physiology and natural range (Alvarez et al., 2007), and each
individual species has a specific range of drought resistdrarethis reason it is essential to find

species that require minimal irrigatioor fsurvival in the hot and dry environment of Colorado.



Evapotranspiratiosan be described as a combination of the water evaporated from the
soil surface and transpired through the plant (Gulik, 2001). ET can be calculatedTus{Bd E
of Kentucky Bluegass at 0.12 meters) as a reference crop (Gulik, 2001). Effective
guantification of ET is a key aspect of effective and precise irrigation maeagémak,
2009). This knowledge will allow users to deliver the proper amount of water fielthat the

correct time, in turn conserving water (Irmak, 2009).

Finding ETc of specific ornamental species would prove to be valuable when it comes to
water savings. Instead of optimizing yield, maintaining aesthetic appealnaisgdge function
are the majora@ncerns of ornamental varieties (Smith and Klett, 2013). For this reason, it is
important to find the exact irrigation needs of spedfiecieof ornamental grass, and test the
limits to which the plant can survive within those needs. Providing vialgation percentages
relative to ET is of great value and practical importance to industry personnel (Pittenger and
Shaw, 2004). Current descriptions such as “high”, “medium,” and “low” water reqznism
offered by many nurseries and plant resourcesabjective and often not researched.
Furthermore, these descriptions do not translate well to Colorado’s alkals)eérgense winds,
desiccating sun, and frequent drought regimes. It is very important to acquvédaiT

ornamental grass crop whican ideally be translated into other related species.

While not as important to the horticulture industry, the concept of critical watkemt@ds
(Werit) is important to the field of horticultural researcHerit can be defined as the water
potential value (or range) in which a plant will wilt and fail to recov®¢i: values of specific
speciesare often difficult to obtain Not only will an understanding &fc:it of ornamental

grasses create deeper knowledge within the group, it will promoteres@@rch ash

appreciation for the subject.



Coloradohas a semarid climate The annual precipitation in Colorado averages 39.29
centimeters per year (US Department of Interior, 2012). A majority of prempiiatecieved
in Colorado’s high mountain regions, while the standard rainfall in most of tleeratafes from
30.5-38 centimeters (McKee et al., 2009). The driest area of Colorado is the Sanlleyis Va
averaging 17.78 centimeters per year (McKee et al., 2009). Drought is extremelgrcamtine
state of Colorado. Three-month droughts within the state occur in 90 of 100 years at any given
location. Ninety threpercent of the time, at minimum of 5 percent of the state is experiencing
drought between 3-24 months. In the long term, four droughts lasting four or more years have
occurred in the past 100 years (McKee et al., 2009). A wye#ti-drought is standard across the
state at increments of abdutentyyears (Whiting, 2012: 267). As previously mentioned,
Colorado’s population is steadibn the rise. With these fairly meager precipitation averages
and an increasing population, water in Colorado is becoming more valuable and requires more

insightful methods of conservation.

In the past 30 years there has been an introduction of new uses of water throughout the
state including the support of endangered species, resort snowmaking, resemaiioredruse,
and increased hydropower generation (McKee et al., 2009). With all of these new uses coupled
with the standard uses (farmegsowing cities, municipalities, and landscaping) the supply of
water is being diminished. It can be said that Colorado is far more vulnerabtight today

than under similar precipitation shortages in the past (Pielke et al., 2004).

Colorado receives newater supplies in only one way; precipitation (McKee et al.,
2009). In common terms, the way water enters Colorado is from the sky. Colorado feeds
various other states from its great river basinsdbet not recieverater from any upstream

source. Muh like drought, precipitation comes in episodes. These episodes vary in both time



and space, affecting certain regions more than others. In Colorado, over 50% of thevatate’
falls within 20% of days when precipitation occurs (McKee et al., 2008)s means that a
majority of Colorado’s water is dispersed within relatively small periods of time. Of th@t 50
much of the rainfall is seasonal, creating even smaller windows of precipitsiiiéi®é et al.,
2009). This infrequency of steady precipitation events further compounds issues of drought

within the state.

The water in Colorado can be split into five categories: Snowpack, streamienwaie,
soil moisture, and groundwater. Snowpack water is used for recreation and is a general
“reserve” fa water throughout the year. Streamflow and reservoir waters are used for racreatio
habitat, irrigation, municipal water, and a majority is sent downstream to othst Staie
means that a majority of Colorado’s water does not belong to Coloradl (basnterstate
contractual obligations). Soil moisture water is used for vegetation and agecwhile ground
water is used for irrigation and municipal water supplies (McKee et al., 200@) toDntense
regulations and deviation of water resostdbese divisions of water further complicate water

conservation practices across the state.

Of the many principles of watavise growing, attention to irrigation efficiency has the
greatest potential for water conservation for most residents (Whiting, 2012: 26EBm&ntal
grasses tend to go haimdhand with the principles of water-wise growing. They are generally
regarded as “problefinee”, an ideal plant for residential consumers (Janik and Whipkey, 2002).
Along with this, quality public percepticand awareness of the use of the ornamental grasses is
beginning to increase. For this reason, the use of these grasses in residentialieipdimu
settings is on the rise. However, our understanding of the water needs of widedy plant

ornamental grasses is almost nonexistent. Different plants require differanttarabwater,



and these amounts vary by genus or species. Itis easy to say that grasses use less water, but
quantifying the actual use of water is more difficult and of much greater iampert Reliable
researckbased data on ornamental landscape grasses is limited (Pittenger and ShawT 2604)
most widely referenced publication of water use is the Water Use Classificatianagdape

Plants, a publication not based on scientific field research (Pittenger and2oigd). A

majority ofresearch on ornamental graskas generally focused on biofuel sources, livestock
foraging, or grasses in their natural setting. This research lacks infammadtbut ornamental

and aesthetic qualityithe landscape.

As these beautiful plants are becoming more common in the landscape (and nursery
production) and water is becoming scarcer, research on water requiremeasspgcies is
necessary in order to get some scientific based data onnipesgant plants. Little Bluestem
(Schizachyrium scopariumSwitchgrassHanicum virgatury) and Korean Feather Reed Grass
(Calamagrostis brachytrichaare grasses which are widely planted, fairly vigorous, and
adaptable to various conditions including heat and drought (Greenlee, 1992). Adpbcess
are notable for their size, beautiful fall color, and addition of year-round movemaetwnirid.
The Encyclopedia of Ornamental Grasses (Greenlee, 1992) lists all three species as “Great
grasses for every need”. Little Bluestem and Switchgrass are rated in the top tees@as
hot, dry sites”, “Grass suitable for mass planting”, “Grasses watht gnovement”, and
“Blue/Grey grasses” (Greenlee, 1992). In fact a variety of SwitchgPasscum virgatum
‘Northwind’) was recently declared the 2014 Perennial Plant of the Year by the National Garden

Bureau and Perennial Plant Association (Blazek, 2014).

Previous studies by Sanderson and Reid have shown that Switchgrass is able to mainta

quality photosynthetic rates above -3.3 MPa within the plant (Sanderson and Reed, 2000). One
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of the most important aspects of these three species is that thehéadity to recover and
maintain aesthetic quality after being subject to reduced water treatBrenightreduced
photosynthetic ratby 90%, with full recovery upon reintroduction of water (Sanderson and
Reed, 2000). In congruence with this, thes¥e negligible differences between the control and
waterstressed grasses in terms of dry weight, leaf area, tiller number, and nurbbes of
produced. This highlights the massive extent to which ornamental grass specezoeanand
maintain ornametal quality even during high levels of stress. Switchgrass under drought
treatments of4.0 MPa (5% field capacity) had equal survival rates and the same proportion of
tillers in flower as field capacity treatments (Barney et al., 2009). It wasutzuthat
Switchgrass has the ability to properly grow and flower in low moisture cond{Bamsey et

al., 2009). Switchgrass has been shown to maintain these properties partiallyheugbioty to
increase solute concentration in cells during periods of drought, but its rigid dslhvag create
slightly less drought tolerance than other (more xeric) grasses (Knapp, 1984hgsags is

also an extremely vigorous and fast growing plant indicating that there may be aftrade-
between drought tolerance and quick plant growth. Both Little Bluestem and Sadslage
known to extract a majority of their water from the upper .5 meters of the soieprbfdwever,
they adjust rooting and uptake depth during periods of drought (Eggemeyer et al.,|IR308).
this type of plasticity that makes popular ornamental grass species crucial fofiscreqiry of

water use.

In another study by Thetford et al. (2009), 25 ornamental grass species were evaluated
over 3 years for drought tolerance under low-water conditions. Of the 25, six including
Switchgrassvere rated as excellent with quality aesthetics and limited mortality (Thetfog et a

2009). All three species (Little Bluestem, Switchgrass, and Korean FeatheGRess)l are
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becoming more importd to the horticultural industry, the limited ornamental research has been
focused on Switchgrass. This is likely because it is easy to produce, fast growitngglyel

large, long lived, and a common biofuel crop.

Although there is minimal research rediag ornamental plants and their relative
response to drought treatments in the field, there are some studies which grerdthgh
subject. One experiment by Smith and Klett (2013) from Colorado State Unjiasséssed the
impact of 0%, 25%, 50%, and 100% ET irrigation regimes on four shrub species; Redosier
Dogwood Cornus sericeg Smooth Hydrangeadfydrangea arborescepsDiablo Nnebark
(Physocarpus opulifoliysand Arctic Blue Willow §alix purpureafor a period of 2 years. It
was concludediat survival rate for all species in all irrigation treatments was 100%. All shrub
species (excluding Smooth Hydrangea) did thrive in conditions, and were considereidisle
for horticultural sale. Shrubs in the 100% ET were wider than lesser treatments,dsit it w
determined that 25% ET is acceptable for proper aesthetic values of all speciebbsid
(excluding Smooth Hydrangea). Atthe same time plants receiving 100% ET surviviechéess
when drought was induced. This indicated that lower ET results in a plant adjusting growth

characteristics to account for deficit irrigation. (Smith and Klett, 2013)

Another study by Prevete et al. (2000) out of Clemson University assessed the impact of
2, 4, and 6 day droughts to three species; Snowbank BolRuwliaifia asteroidg Eastern
White SnakerootBupatorium rugosuin and Three-Lobed ConefloweRdbeckia triloba It
was concluded that substrate moisture of deficit plants was less than half of tbé dent
rugosumdisplayed more stress and experienced reduced spring growth relative to thaxather t
B. asteroidgmaintained comparable photosynthetic rates (and carbohydrate accumulation)

throughout the experiment. All plant responses were attributed to differencegimnusat
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Prevete et a2000) concluded that differences in osmotic adjustment during drought stress
influence the ability of drought tolerance. This further indicates that droughack needs to

be measured on a specg=ecific level (Prevete et al., 2000).

Another study at Colorado State University performed by Henson et al. evaluated the
growth, visual quality, and stress of 17 annual bedding plants. Plants were watered for eigh
weeks at five levels of irrigation (0%, 25%, 50%, 75%, 100% ET). Certain speciessuch a
Merlin White PetuniaRetunia x hybrida ‘Merlin Whitg¢’performed optimally at 0% ET, while
other species such as Vodka BegoBiegonia carrier Hort ‘Vodkg grew optimally at a
minimum of 50%. It was concluded that 9 of the 17 species in the triafiviEme25% or less

ET (Henson et al., 2006).

Another study of interest was conducted by Yuan et al. (2011) at the Beijing Academy of
Agriculture and Forestry Science. Korean Feather Reed @&absachytricha water use was
assessed at four levels aigation (25%, 50%, 75%, 100%) using a niysimeter. It was
shown that shoot width, tiller number, and dry weight were more affected as irrigatreaskd
from 75% to 50%. There was no difference between 75% and 100% treatments. Yuan et al.
(2011) concluded that 75% ET is sufficient @rbrachytricha and would save 33.1% of annual
water use (Yuan et al., 2011). Weighable lysimeters are powerful tests forlgreéetsemining
fluctuations in precipitation, actual ET, and seepage (Schelle et al., 2012). [bhey al
researchers to exert maximum physiological limitations on each plant, resultimaye precise
drought tolerance effects. This lends some extra validity to the results fr@eifimg

Academy, a study using a weighing lysimeter methodology.

The research discussed above aids in planning landscapes based on water use

requirements. Each study measured responses to drought stress using diftedg, rapd

13



each study used one of the standard methods to induce drought treatments including reduced
irrigation, and reduced frequency of irrigation (Prevete et al., 2000; Henson et al., 200&. Whil
these studies are a great start, more research needs to be performed invesegatisgittie
collection of species which are commonly used in landscaping. Specifically, thereceave

few long term studies on the impact of irrigation on ornamental grasses. As previousl|
discussed, a majority of irrigation requirementye determined in @onscientific manner, and a
great deal of research needse conducted to accurately update plant requirement information.
This information has a great impact on the horticultural industry as it affeatsgeogers and

individual landscapers alike.
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CHAPTER 1: WATER USE STUDY

Materials and Methods

The study was conducted at the Colorado State University Plant EnvironmentatResea
Center (PERC) located at 630 West Lake St, Fort Collins, CO 80523 (40°34'8” N, 105°5'24”
W). The study was initiated by Jane Rozum in June of 2012 and plants werel dbaegtablish
for one year prior to collection of data. Soil samples were collected in May of A81dsged at
the CSU Soil Water and Plant Testing Laboratory. Soil was a Sandy Clay Ldaan wit
sand:silt:clay ratio 052%, 18%, 30% A summarizedoil test result can be found (Appendix

12a and 12p

The study examined three species of ornamental gra&seisum virgatum
‘Rotstrahlbusch’ (Rotstrahlbusch Switchgra&)uthern Weed Science Socielp98),
Schizachyrium scopariufBlaze’ (Blaze Little BluestemjUSDA NRCS National Plant
Materials Center2015), andCalamgrostis brachytrichéKorean Feather Reed Grag&jctos
Databasg2014). Plants of uniform size (3.79L, 1 gallon) were purchased at Little Valley
Wholesale Nursg in Brighton, CO. A total of 20 individuals of each species were purchased to
allow for five replicates to be placed in each of the four irrigation levelsAfgeendix 53 All
grasses were planted according to Best Managerantices (GreenCO, 2008) , and no organic
matterwas amended to the backfill (Rozum). For a full listing of planting techniaquksraes

see Rozum (2014).

The study consisted of four quadrants, each distinguished by the amount of supplemental
irrigation relative to theevapotanspiration (ET) for a bluegrass turf reference crop)XEThe

four treatments were 0%, 25%, 50%, and 100% Hhese treatments were based on the
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GreenCO reference table which provides general guidelines of appropriat@gvateounts
based on Ed(GreenCO, 2008). Each quadrant was of equal size (11m x 19.5m) and were
separated by a 2.4 meter mulch path. Mulch was also spread to aftd2ftinches to prevent
weeds and more closely represent a residential environment. Quadrants wereasddaridgpa
polyethylene barrier buried to a depth of .91 meters to prevent leaching betvedments and
from surrounding irrigated areas (Ounsworth, 20@iviner (Diviner 2000, Sentek
Environmental Technologies Pty Ltd., Stepney South Australia) atdess were already in
place from a previous shrub study (Smith, 2013plaat placement was configuradcording to
access tubmcation. Besides this minor constraint, plant layout was completely ranabmize
and a full plot design can be seen (Appendix Fants were spaced a minimum of 1.2 meters

apart.

Water used in this experiment was fotable from College Lake in Fort Collins, CO.
Water was supplied to plants using a drip irrigation system (Rainbird %" tubing, 3rflite
hour emitters).Irrigation was automated by use of a programmable timer (RainbirdMESP

Azuza, CA). No fertilizer was supplied through the irrigation system.

Weeds were managed in two methods throughout the study; hand removal and backpack
spraying. Any weeds within .35 meters of the plant was hand pulled to prevent possible
herbicide damage. Weeds located outside of the .35 meter radius were sprayrahgahPro
(Glyphosate). Weed management was performed on a bi-weekly basis from May through

September of 2014 and 2015.

Each grass received two 3.79L (1 gallon) per hour drip emitters, placed 180° apart to
allow for optimal water distribution. Emitters were placed at ground level arelclasely

positioned tovaterthe majority of plant biomass. In May 2014, mitter pairs in each
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guadrant were tested for flow accuracy. Average emitter efficignegsured by collecting
water over a specified period of timeas 97.8% in the 25% treatment, 97.2% in the 50%
treatment, and 98.1% in the 100% treatmdfilo wasrecorded using an atmometer (ETGage)
with a Kentucky Bluegrass fabric filtewhich has been proven to be comparable at estimating
Bluegras<£T to Penman Monteith calculation methods. ET readings were taken on a daily
basis. Precipitation events wereasded daily with an osite rain gauge (Productive

Alternatives, Fergus Falls, MN).

Irrigation treatments were calculated once a week usiniplibeving Irrigations

Equation.

Area X Depth = Flow Rate X Time

(Equation 1)

Area is the area that is to be watered. Depth is the amount of water lost fronh due soi
to ET, subtracting precipitation. Flow rate is the rate which water is applied pdattits using
drip emitters. Time is the amount of time to allow the irf@asystem to run. Rearranging

Equation 1o solve for time:

Area X Depth
Flow Rate

Time =

(Equation 2)

This area was based on the estimated rooting area of the grasses. Soil cores at various
radii were collected to determine the furthgsint where roots were present from the plant.
Roaing radii varied by individual plantend due to limitations with the irrigation systetine
value of Area used in Equation 1 was the rooting diameter of the smallest sheubmallest

diameter wasised in order to not ovardigate the smaller plants. In 2014 the rooting radius was
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20.35 cm, while in 2015 it had increaged®6.65 cm. These radii were comparable to canopy
radii. Depth was determined by monitoringo&hd precipitation on a daily basis. The 100%
Depth was determined by recordingsEahd subtracting precipitation. The 50% Depth was
determined by dividing Edlby two, and subtracting precipitation. The 25% Depth was
determined by dividing Elby four and subtracting precipitatioithe 0% Depth was always 0,
as this plot received no supplemental irrigation. Flow rate was a constant ohv.&gpl/hr).
ETo is expressed in units of inches of water, so US volumetric measurements were used to

calculate water treatments.

Irrigation events occurred on a weekly basis. Precipitation exceedi©itates were
accounted for by assuming the soil moisture defictesie, and all excess precipitation was lost
due to runoff. Additionallytfreatments were not appliéar that particular week. Any
extraordinary weather events (such a late snow or hail) were also recorded. Theseidgn w
amount of water applied per quadrant during the 2014 and 2015 seasons can be seen (Appendix
la). 2014 and 2015 yearly and weeklgter budgets and recommendations can be seen

alongside this datg@Appendix 1b and 1c respectively).

Determining treatment effects was one of the major objectives of this projeetj@asv
data parameters were collected. These parameters caiit be@plvo categories; plant water
use and stress, and ornamental quality. Plant water use and stress parametetecade
water potential\{), infrared canopy temperature (IR Temp), and soil moisture using Frequency
Domain Reflectometry (FDR). Plaotnamental quality parameters included height, width,
circumference, greeup date, flowering date, floral impact, landscape impact, overall habit,

color, self-seeding, representative photographs, and dry weight.
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Plant water use and stress parameters valected on a bwveekly basis. Water
Potential (a measure of plant stress) was measured using a Pressure Chamber (BEhtnstr
Company, Model 600, Albany, OR). Pressure chambers exert positive pressuref am @rtea
to exude sap from the petiole. The amount of pressure required totbiegsp is proportional
to water potential. The more negativd aeading is, the more stressed the plant is (PMS, 2014).
Readings wertaken between the hours of 11pm to 3am Mountain Standard Time (MST), six
days after an irrigation event. A total of 8 data sets were collected in 2014, andétslata
2015. Two blades from each plant were taken from four plants of each speciesqnasieimt.

Both readings were averaged togethaefwesena single water potential for eaplant.

IR Temperature was another parameter used to measure plant stress. IR Temperature was
measured using a handhéilfraredthermomete(Omega OS534 Handheld IR Thermometer,
Starford, CT)with a beam diameter of 5 mm whichnmintained up to 75 feet from target.
Ambient temperature was recorded with arsda thermometer, and was subtracted from IR
Temperature readings to provide a measure of stress compared to ambient tempBrature. |
Thermometers read the temperature plaat canopy at midday, where high temperatures are an
indicator of plant stress. IR readings were taken at 12 noon, six days after aioniregant. A
total of 8 data sets were collected in 2014, and 9 data sets in 2015. Two temperaturashfrom e
plant were taken from every plant in each quadrant. Readigsaveraged together to create a

composite canopy temperature for each individual.

Soil moisture readings were taken using a Diviner 2088ntek Environmental
Technologies Pty, Ltd., Stepney, South Australia). The Diviner2@0eks based on the
principles of Frequency Domain Reflectometry, in which sensors on an oscillating detect

changes in the dielectric constant of the soil over time. Smedlguéncy measurements
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represent éower soil volumetric watecontent within the soil (Sentek, 2009). Plantse

located a minimum of 7cm from all Diviner access tubes, so ideally roo¢sutikzing water
located directly next to the tubes. Access tubes reach a depth of 70 cm, and readukes ate t
increments of 10 cm starting at 10cm. Measurements were recorded 72 houmsgaten

events.

Plant ornamental quality parameterere based on the National Ornamental Grass Trials
criteria as establishdny Mary Meyer inMinnesoa(Meyer, 2015). These measurememise
believed to be the best and most representative of accurately determining therahguality
of a grass species. Greep date was taken once at the beginning of the growing season when
plants begin to exhibit new growth. Flowering date was monitored throughout the growing

season and represents the date a plant first shows a single inflorescence.

Height, width, and circumference measurements were taken on a monthlyhasis.
measuements were taken in 2014, and four were taken in 2015. Height was measured from the
plant base to the tallest point on the stem, including inflorescences. Grvassp®asured at
their natural peak, which includes the lodging or “falling over” of any grass bladesh Wadt
measured at the widest point of the grass, and does not include lodging. Circumfersnce wa

measured-% cm from the base of the plant.

The remainder of the ornamental characteristics were also taken on a monthly basis.
Floral impact is a measure of bloohmosviness, and is on a scale of Btoln this scale a
measure of 1 shows minimal to no blooms, while 5 shows numerous spectacular and showy
blooms. Landscape impact is a measure of the impact/showiness an individuabyddhtbee
on a landscape. This on a scale of 1 ®with 1 representing a plant with minimal or no use in

a landscape and 5 representing a plant with a remarkable overall presencandsbagde. This
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measure takes into account color, bloom, showiness, habit, damage, and lodging. Overall habi
is a specific measure of the habit of a plant. Since grasses are known to lodgehabgralla

rating of 1 to 5 with 1 being a completely prostrate plant and 5 being a completely upright plant.
Color was determined using a RHS Mobile Colour Chart, which allows for coding and
description of the plant color. Sedéeding was rated on a scale & and was determined by
counting the number of seedlings located around an individual. A representative photograph of
each species in eagonadrant was taken to provide a visual representation of plant growth. All
photographs contain the same measuring device for scale. The visual qualityfaluds

individual scale can be se@hppendix 5b).

At the end of each growing season, plants were harvested to obtanassy
measurements. Each plant was uniformly cut 7 cm from the base of the plant.idptasisb
wasdetermined by placing in a drying oven (DespatcBearies, Model #V/RG26-1E) set at
70°C (158°F) for 48 hours followed by measg total drymassusing Ohaus Adventurer Pro

model AV2101C scale (Ohaus Corp., Pine Brook, NJ).

Evapotranspiration and the amount of water to apply was determined usingié& on-
Atmometer and rain gauge to represent bluegrass evapotranspiration. esémmadings of ET
and rain gauge readings were taken daily. Readingsoeerkined by week, and the inches of
ambientrain were subtracted from the inches ofiBDrder to calculate total water to apply
The experiment applieidrigation by measurindluegrass ET and applying multiple levels of
deficit irrigation relative to that ET. This resultedeach treatment receang a different amount
of water each week. For example, if bluegrass ET was 1.8 inches for a week with tierain,
100%, 50%, 25%, and Opantsreceived 1.8, 0.9, 0.45, and 0.0 inches of additional moisture

respectively via the irrigation system.
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Data analysis was conducted using the Sa&tware with SAS 9.4 for Windows (SAS
Institute, Inc., 2014). The Mixed Procediackagevas used on all data to run an analysis of
variance (ANOVA) and to compare the least square means. Data were considered spatisticall

significant with a pvalue less than or equal to 0.05.

Results and Discussion

The results of the water use stughowslight differences between 2014 and 2015, but,
on the wholeresults from each yeaixhibit verysimilar trends. 2014 was characterized as
having a moderate amount of rain spread throughout the growing season, while 2015 was
characterized as an extremabgt spring with minimal rain during the growing season. Between
June 8 and September ¥42014the experiment sitaccumulated 22.17 inches of bluegrass
evapotranspiration and 5 inches of rain, while 2015 accumulated 20.56 inches of bluegrass
evapotranspiration and 6.13 inches of rain (Appendix 1). The majority of the rain in 2015
occurred before July ¥S Despite the light and frequent rain in 2014 both seasons were well
suited for performing experiments on plant water use and water stressngbrsant to note
that by the end of the experiment 4 of the 60 plaséxl in the trial had diedThis includes one
Schizachyrium scopariufBlaze’ and oneCalamagrostis brachytricha the 0% treatmentne
Schizachyrium scopariufBlaze’ in the 50% treanent;and oneCalamagrostis brachytrichian
the 100% treatment. These deaths appear to be random and are not consideredftediefin
irrigation treatment. It is also important to note that the 2015 season was culughtarthe
construction of a neootball stadium, and the entire research plot was desttoyed
construction activitieg early October, 2015. At the end of the 2015 season all remaining plants
in the 25%, 50%, and 100% treatments were of high enough quality to be acceptable for

ornamental sale.
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Water potential is the most important measurement for monitoring plant stress disring th
study. Since it is a direct amistantaneous measurementyésusedas the platform for plant
stress in this study. Since each species has a different capacity to withstand/ateess,
potential readings were determined separately by species. In 2014, ten measunépiant
water potential were taken, while eighene taken in 2015. In 2014, five of the 10 observations
indicated the 0% treatment species to be significandyestressed while the 25%, 50%, and
100% treatments showed no differenfféigure 1a). It is interesting to note that on nine out of
ten date in 2014 Panicum virgatumRotstrahlbusch’ was significantly less stressed than both
Schizachyrium scopariufBlaze’ andCalamagrostis brachytrichaThis corroborates the idea
thatPanicum virgatumRotstrahlbusch’ is an extremely drought tolerant specapable of
maintaining low stress levels with minimaaterinputs. In 2015 the same trend from 2014 held
true for four of the eight measurement dates (Figure 1b). Of the remaining foytluates
showed no difference in stress between any of the treatments, while one date sh@#ed the
treatment most stressed, while the 25% treatment was next stressed, and the S00%candr&

least stressed.

With half of the recorded dates showing the same trend of the 0% treatment being
significantly more stressed while the remainireatments are equally stressedisTindicates
that plants grown with minimal irrigation (i.e. 25% ET) are equally unstressed asta pl
receiving the full amount of irrigation (100% ET). Therereonly two out of 18 dates which
indicated the 25% treatment being at an equal stress level of the 0%, a numbes felasibly
tolerable, especially considering these plants returned to their lesedtlegels after water was

applied again
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In order to evaluate water potential oyearly basis, althreespecies were combined to
analyze stress by treatment. When combining all speeersll dates, the 0% treatment was
significantly more stressed that the other three treatments, while tasmovdifference between
the 25%, 50%, and 100% treatments (Figure 1c). This general trend helps add strength to the
argument made when evaluating water potentials on a date by date basis; th#t tteaftbent

is under the ideal level of stress under these growing conditions.

Allowing for these grasses to be irrigated with 25% bluegrass evapotranspiration allowed
for 75% water savings as well as plants theteof equal health and stress levels as those
irrigated with 100%. Later the aesthetics of these plants wdldmeissedbut the broad fact that
these 25% ET grasse®reequally stressed ard equal aesthetid® their 100% ET
counterparts has massive implications of water savings for growers, munegpdlitsinesses,
and homeowners alike (GreenCO, 2008). When compeuatgr pdentials between 2014 and
2015, the average value of each treatment for the entire year was calculated. There was no

difference between years for any of the three species.

Infrared canopy temperature (IR Temp) was used as a secaedanjque to monitor
plant stress. Since higher readings indicate more strpksgd (OmegaScope, 2010), IR Temp
is an easy and noninvasive method to corroborate any information obtained from the more
invasive water potential method. IR Temp readings were takentimes in 2014, and eight
times in 2015. During each measurementsthéstical trendbetween species were the same as
when species were combined. For this reason, data betpeeies were combinéBigure 1c)
to create a more succinct descoptof the pattern present. This trend shows that the 0%
treatmentvassignificantly more stressed than the other three treatments, anavtsre

difference between the 25%, 50%, and 100% treatments. Of the remaining five dates (not
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chronological ader), three show the 0% treatmemasstill more stressed than all three other
treatments, however the 25% treatm&as more stressed than the 100% treatment. The final
two dates showed no differences between groups (Figure 1d). This means that a higher
percentage of measurements followed the same trend in 2015combeed Infrared
Thermometer data showed the same trerzDad, in the 0% treatment being significantly more
stressed than the other three treatments, with no difference between the 25%\b0D00%
treatments. On two of the three remaining dates the 0% treatrastiite same as either the
25% or 50% treatment. The final date showed no differences between treatmené&siE)gur
Charts of individual species were not included, as spehies matches Figure 1e precisely in

terms of significant differences between treatments.

Two years of datauggestshat the 0%supplemental water producadgignificantly more
stressegblantthan all other treatments. More important to note isdhatll of the datetested,
the 0% treatmerdlmost always exhibitethe highesstress. Thereerethreedates which
suggest that the 25% treatmeragsmore stressed #m the 50% or 100% treatments. However
thiswasnot a significant trend, indicating piis were still healthy This information suggests
that irrigating ornamental grasses to a minimum of 25% can dramaticalberdastress of
these plantsvhile reducing water requirements by a factor of faumfrared temperature is fairly
variable andt can undeestimatehe intensity of stress if readingeretaken on a cooler day
with extra cloud cover. Whilall plants were treated the same, extremely stressed plants were
more likely to mask their stress on a cool cloudy day as opposed to a hot sunny day. On the
whole, these fluctuations from the general trend (25% treatment being equal toebs®§4 and
100% treatment) did not precisely match up with water potentials, and theredsmtoave as

much scientific validity (Figures ite).
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The year2014 showed differencd®tween the three species being evaluatedidove
ground biomass accumulatioRanicum virgatumRotstrahlbusch’ showed no difference
between treatments, while bd@lalamagrostis brachytrichandSchizachyrium scoparium
‘Blaze’ in the 0% treatment accumulated significantly less biomass than altredterents (Fig
2a). In 2015 all three species showed significantly less biomass accumulatie®% th
treatment compared to the 25%, 50%, and 100% treatments. There sageifrant
differences between the three higher treatments, exc@atl@magrostis brachytrichavhere the
25% plants were significantly larger than their 50% and 100% counterparts (Figt2b)rend
waslikely present a€alamagrostis brachytriches a cool seasd@s grass (discussed in Chapter
3 of this thesis). The smaller plants in the 0% treatment inditiadé plants receiving
exclusively precipitation will be smaller and accumulate significantly liessdss. These
results also indicatetha therewasno difference between plant weight when theyeirrigated
at 25%, 50%, or 100%. This suggethat a 25% irrigation regiment could result in 75% water
savings with the same, large sizadnts. In the case @falamagrostis brachytrichajaa
indicatal it is possible that watering at 25% may actually result in larger pl&uigher

investigation would be required to validate such a conclusion.

Height, circumference, and width were analyzed in order to compare overakipant
between treatments. Height and circumferemessthe two most important measurements as
they represent the moasually saliengrowth aspect in the eyes of producers, as well as
consumers. In 201€alamagrostis brachytrichplant height was significantly lower in the 0%
treatment, while the 25% and 100% treatment contained the tallest gPamisum virgatum
‘Rotstrahlbusch’ plants in the 0% treatment were significantly lower than the tté8étent,

andSchizachyrium scopariufBlaze’ in the 0% treatment hddss height than all other
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treatments (Figure 3a). In 2015 there were more differences between treatrhentse Trend
which held true in 2015 is the 0% treatment was always lowest in terms of heigine (8ig.
For each speciet is key to note that plants the 25% treatment were always talle$his
result indicates that grasses receiving the 25% irrigation treatment grow as taltalfempthan

their 50% and 100% irrigated counterparts.

Circumference is aignificantmeasure of an ornamental grasses spread, as it is typically
the first thing an observer notices. In 2@Walamagrostis brachytrichandSchizachyrium
scopariumBlaze’ plants in the 0% treatment had circumferences which were smalle258@n
50%, and 100% treatmentshére were no differences amathg three larger treatments.
Panicum virgatumRotstrahlbusch’ plants in the 0% and 25% treatment were significantly
smaller than their 50% and 100% counterparts (Figure 3c). In 2015 alkiheeies in the 0%
treatment had significantieduced circumferendban their irrigated counterparts. Again, there
were no differences between the 25%, 50%, and 100% treatments (Figurd8sk. rdsults
indicate that plants in the 25% treatmgrew significantly larger in circumference than their

unirrigated counterparts, amgerecomparable in size to their 50% and 100% counterparts.

While circumference is a more fitting measure of overall plant girth, ornameasal g
width isa measure of a plaatwidest point. Since both growing seasons were relatively dry,
there was minimal lodging of plant matter allowing for measurements to be trusergptens
of maximum plant spread. In 20CG&lamagrostis brachytrichheld true to the trend of 0%
beingsignificantly smaller than all other treatmenBanicum virgatumRotstrahlbusch’ had 0%
plants at the lowest level, while 50% plants were at the highest I8ebizachyrium scoparium
‘Blaze’ plants in 0%, 25%, and 50% were all significantly smallevidth than the 100%

treatment (Appendix 2a). In 20C&alamagrostis brachytrichandPanicum virgatum
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‘Rotstrahlbusch’ followed the same trends as 208dhizachyrium scopariufBlaze’ plants in

the 0% and 50% treatments were significantly smaller thasetin the 25% and 100%
treatmentsn 2015 (Appendix 2b These resultwerenot indicative of the 25% treatment being
equivalent to the 50% and 100% treatments. However they do highlight the fact that the
unirrigated 0% treatmemtasalways in the lowst tier of overall plangrowth. In order to get
plants with a largéreadthin a singular dimensiomrnamental grasses must be irrigated to some

extent.

When evaluating all growth measurement differences between 2014 and 2015, the
average value for the entire season was calculated. In terms of plant height, thee were n
differences between years for any of the three species. When looking at circuenfdrere
were threesignificant differences between 2014 and 20Panicum virgatun'Rotstrahlbusch’
plants in the 50% treatment as well as the 100% treatment showed differencasniiecence
between 2014 and 2015. Plants grown during the 2014 season were smaller than those grown in
the 2015 season in both treatments. (Appendix chizachyrium scopariutBlaze’ plants in
the 50% treatment showed differences in circumference between 2014 and 2015. Plants grow
during the 2014 season were smalfartthose grown in the 2015 season in both treatments
(Appendix 2¢. With both species, these resuitsrelikely due to the increased growth often
exhibited after plants have established adgisted to their environment and have no significant
meaning. Since 2015 was the fourth yta@se grasses were in the ground, a significant increase
in circumference is a typical observation amongst most ornamental grass speciederfdgnsi
all measurements of plant growth, specifically height and circumfergnselear that
ornamental grasses utilizing a 25% irrigation regime reguitplants thatvere of comparable

size to their 50% and 100% irrigated counterparts. In most cases, plants gtio\26%i
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irrigationwerethe same size, and can even be latigen those receiving extra irrigation. Itis
also important to note that even if a 25% plant fell short of a plant receivingnmgagéon, that
plant was extremely large and still considered easily salable within the nueskry This study
has indicated that watering at 25% ET results in equally large and healthy pgidatseducing

the watering requirements by a factor of four.

Visual rating data was used as an objective way to classify overall plant aesthetics and
beauty. Representative treatmephotographs of Panicum virgatum ‘Rotstrahlbusch’ can be
seen (Figure 4e)The most salient aspect of ornamental grasses to consumers is typically the
foliage color, which was coded and described using a Royal Horticultural Society@alrt
(Royal Haticultural Society, 2010)Calamagrostis brachytriche classified as starting the
season a standard green color (RHS 144A) and fades to a yellow-green (RHS 145A3lin the f
Plumeswerelarge and extremely showy with a beautiful pink hue (RHS 6B&)icum
virgatum‘Rotstrahlbusch’ begins the season a standard green color (RHS 137A) and deepens to
a dark green (RHS 137D) throughout the season. When the cold weather comes inifal, the t
of the foliage turn a deep purple color (RHS 71A). Plumese light and airy, but add a distinct
purple (RHS N79C) “halo” to the grasSchizachyrium scopariutBlaze’ was the most variable
in color, as quantified by itstriking ‘Blaze’ effect. Plants start a sold bigeeen (RHS N134D)
and fade to shades of pink-violet (RHS N77D), purple (RHS 71A), and red (RHS 45A) as the
season progresses. Plumesea soft white color (RHS N155D) that stands out against the
vibrant purple and blue background. Color and intensity did not vary beixigation

treatments.

In 2014, allCalamagrostis brachytrichplants averaged a greep date of March 26,

2014. Panicum virgatumRotstrahlbusch’ an&chizachyrium scopariutBlaze’ averaged April
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30, 2014and April 26, 2014 respectively. In 20Hd, Calamagrostis brachytrichplants
averaged a greemp date of March 24, 2015, whiganicum virgatumRotstrahlbusch’, and
Schizachyrium scopariufBlaze’ averaged May 11, 20Hnd May 2, 2015 respectively. There

was no difference between treatmdotseither year.

In 2014, allCalamagrostis brachytrichplants averaged a flowering date of August 14, 2014.
Panicum virgatumRotstrahlbusch’ an&chizachyrium scopariufBlaze’ averaged July 12,
2014and August 11, 2014 fédtanicum virgatumRotstrahlbusch’ an&chizachyrium scoparium
‘Blaze’ respectively. In 2015 aCalamagrostis brachytrichplants averaged a flowering date of
August 16, 2015, whil®anicum virgatumRotstrahlbusch’ an&chizachyrium scoparium

‘Blaze’ averaged July 16, 2085d August 13, 2015 resgevely. There was no difference

between treatments during either year.

Floral impact was evaluated on a monthly basis to ensure a proper mapping of an
extremely important ornamental feature to these grasses. In 2014 all thres spgcasses in
the @b treatment hada significantly lower floral impact ratings than their 25% irrigated
counterparts. The 0% treatment was not different than the 50P&fdcum virgatum
‘Rotstrahlbusch’ and for the 100&alamagrostis brachytrichikeatment (Figure 4a). 2015,
the relationships among the groups change, but the trend of all three species ofrgthe@%i
treatment being significantly loweontinuedn floral impact ratings than their 25% irrigated
counterparts. During this second year, the 25% treatmenhédughest floral impact rating for

all three species (Figure 4b).

Landscape impact was evaluated to observe how well a single plant is able to stand out
on its own. In 2014#Panicum virgatumRotstrahlbusch’ an&chizachyrium scopariutBlaze’

plants in the 0% treatment had significantly lower landscape impact ratings thteall o
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treatments.Calamagrostis brachytrichahowed that 25% irrigation providedhigher landscape
impact rating than 0%, 50%, and 100% (Figure 4c). These réasuktsr corroboratehe fact

that this speies tends to both perform at a higher level when supplied with smaller amounts of
irrigation. In 2015, the 25%, 50%, and 100% treatmeei®in the top levels of landscape
impact for all three species, while the 0%atreent wa significantly lower (Figure 4d). These
results corroborate the fact that plants receiving no additional irrigation widirpemore poorly

in terms of aesthetics, while plants receiving as little as 25% irrigatoacomparable in

aesthetical quality to their 50% and 100% counterparts.

A final important measure of visual impact is the measure of overall habipreAiously
mentioned, there was not enough rainfall to produce noticeable lodging on the plants, so
conclusions drawn from this informatioverelikely based on the specific species as well as the
irrigation treatment. In 2014here were no differences between treatments, with the exception
of the 50%Panicum virgatumRotstrahlbusch’ having a lower ratitigan al other treatments
(Appendix 3a). In 2015, trends f8chizachyrium scopariutBlaze’ andCalamagrostis
brachytrichaheld the same as 2014, while both 25% and B@¥icum virgatum
‘Rotstrahlbusch’ had lower ratings than their 0% and 100% counterparts (Appendixigt®. Si
overall habit is a rating of how upright a plant is, it is easy to see how plastiertér stature in
the 0% treatment would be less likely to lodge. These results indtbatadigation treatment
had little to no effect on overall habit rating, amdturn, the likelihood of a plant to lodge. It
may play a slight factor when dealing wiRlanicum virgatunspecies. ldwever that
relationship igyet undeterminedThere were nobservedlifferences in seleeding between
treatments or species. All three species have been bred for miniras¢sdihg, and there was

little to no evidence of iuring this experiment.
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The visual rating data suggestatgrowingornamental grasses using a 25% irrigation
regime relative to blugrass gapotranspirationsia completely feasible practice. This would
result in growers obtaining healthy plants with major aesthetic appad&5% irrigation level
Plants irrigated at 25% obtained high quality color of both foliage and blooms, and put on new
season growth as well as floral appendages at equivalent times to their mowedirrigat
counterparts. All plants in the 25% treatment for all three species rated ighbethiers of
floral impact, landscape impact, and overall habit ratingssti#etically therewas no difference
between plants irrigated at 25%, 50%, and 100% ET. Howenemental grasses grown in the
0% treatment received significantly lower ratings in terms of visual appmard his supports
the fact that these ornamental grasses do need sagad¢ion throughout the year. However, the
amount of water actually requirggisignificantlyless than the current indusstandard (Green
CO, 2008). Itis also important to note that a majority of these visual ratergvery high,
furtherdemonstratinghat ornamental grasses can also be atlfebaddition to any home

landscape

Frequency Domain Reflectometry (FDR) was used in order to determine thetlepth
which ornamental grassegreaccessing and utilizing the most water. Upon analyzing the
information gathered{ was found that there was a difference between species, a difference
between measurement dates, and a difference between depths. In order to extstt the m
detailed information, both year and species were combined in order to analyze bgriteatoh
by depth. Since depth of water access is the most important information to obtain frddRthe F
research, combining species allows for generalizations #imtiree species used in this study
Figure 5as an example in which both species and treatmeetscombined. Figures dahis

information when split up intseparate treatmentsan be seen in Appendix 4a, 4b, 4c, 4d.
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While initial results from Rozum (2014)dicated that ornamental grasses cease accessing
significant portions of water at a depth of 40cm, thsearchndicates a significant drop off
between 20cm and 30cm depthkhis is extremely important, as this states that these grasses
wereaccessing a majority of their water from the &p25cm of soil. This data is corroborated
by evidence seen in figure 5b in which all plants in the 25% treatment were analyzgdhboy de
over the course of the entire growing season in 2015. This research indicadem#jatity of

water was accesséatween the 20cm and 30cm depths and maintain relatively constant over the
course of the season. Itis also noted that there is some access between the 30cm and 40cm
depths. However, once roots reach the 40cm depth there is a significant increaige in

content over the course of the entire seasince this is a shallow depth, which is easily dried
out by common earth elements (wind, erosion, atayould seem more important to get a

widely distributed irrigation pattern around these grasses as opposed to a déeiphyatis

pattern. This information, coupled with the previous conclusions of 25% ET being a feasible
irrigation level, also implies that the grasses themselves may use less th&T 25§6own in a

controlled(greenhouse) setting.

The largest differenceshen combining (Figure 5a) andpseating treatments (Appendix
4a -4g were differences withithe 100% treatmenAppendix 4d), as the 100% treatment
appearedo use less water between the depths e4@fm, while using more again baten the
depths of 50-70cm. This is likely attributed to Bremnicum virgatumRotstrahlbusch’ in this
plot. It has beespeculatedhatPanicum virgatunspecies growmvith large amounts of water
wereable to access extremely deefw the soil in order to access “reserve” water (Barney,
2009). Ths data seemto support the fact thdtesePanicum virgatumRotstrahlbusch’ utilizd

the easyto-access water at the soil surface, as well as the deep reserve water.
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Conclusion

There is a single trend that haexrsistedhrough all levels of ata analysis of this
experiment; 25% deficit irrigation is feasible for ornamental grasBhgsiological
measurementghysical plant measuremenéd ratings of visual qualisupport the corlasion
that supplying ornamental grasses with no supplemental irrigation will result insinessed,
smaller,andpoorer performing plants. A second conclus®that theravereminimal
differences between plants receiving 25%, 50%, or 100% ET. Orntahgrasses receiving
25% irrigationwereequally stressed, develop an equal amount of above ground biomass, grow
the same height and girth, and rate the same in visual/aesthetic quality as those ®@%iving
and 100% irrigation. Theseerearguably théwo most important things to consider when
looking at plant quality due to a change in plant growth practices. Sirtbeeslspecies of grass
wereabove average in the 25% treatment in nearly every situation, it is safe to reoiat
growers, municipalities, homeowners, and anyone mvinages ornamental grasses water these

plants using a 25% bluegrass evapotranspiration regime.

In order to recommend this practice to growers, landscapers, homeowners, and
municipalities, a yearly and weekly water budget was created from 2014 and 2015
Evapotranspiration data (Appendix 1.2, 1.3, 1.4, lBhoth seasons a system was created
whereall weeks which received precipitation were excluded to calculate the amauaiteof
neededor applicationon weeks without rainfall. Since a week with precipitation typically
equaled or slightly exceeded a 25% irrigation regiment, skipping irrigation eventsemibeks
was a common practice during the stutiysually, these were the data points wheme26%
treatment lies below the 0 inch line (Appendix 1.4 and 1D&ta from both years asadded

together in order to recommend a set annual amount of water to apply to ornamesé&s gra
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the High Plains and Rocky Mountain Regibhis data was alsbe&n broken down on a weekly

basis in order to inform growers, nurserypersons, and homeowners the exact amouat tof wat
apply to their ornamental grasses on a weekly basis. The exact amount of wathr o app
weekly basis is 0.23 inches. Since thmisnber is extremely close to a waetunded number, we
wererecommending the application of 0.25 inches (a quarter inch) of water to each ornamental
grass on weeks when thevereno precipitation eventd'éble ). It is not recommended that

this is theexact amount for every year, as a year with significantly more drought will have higher
evapotranspiration demands. That being said, the number of 0.25 is relatively sung to all

ornamental grasses to grow to their full potential while maintaining legldef stress.
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2014 Plant Water Potential on 9/7/14

(Trend is representitive of 5 out of 10 measured dates)
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Figure la: Representative trend of 2014 water potential by treatment. Adspetiie 0%
treatmentveresignificantly more stressed while the 25%, 50%, and 100% treatmentsdshow
differences.Different letters on bars denote significant differences.

2015 Water Potential on 9/22/15

(Trend is representitive of 4 out of 8 measured dates)
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Figure 1b: Representative trend of 2015 water potential by treatment. Allssjpettie 0%
treatmentveresignificantly more stressed while the 25%, 50%, and 100% treatmentscshow
differences.Different letters on bars denote significant differences.
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2015 Plant Water Potential - All Dates and Species Combined
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Figure 1c: 2015 water potentials when combining all dates and species to eveaiatertt
effects. The 0% treatment was significantly more stretsstdhe other three treatments, while
there was no difference between the 25%, 50%, and 100% treatm@ifterent letters on bars
denote significant differences.

2014 Infrared Plant Temperature Averages of Calamagrostis,
Panicum, and Schizachyrium
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Figure 1d: Representative trend of 2014 Infrared Plant Temperature. The DPériteas
significantly more stressed than the other three treatments, with ecedde between the 25%,
50%, and 100% treatmentBifferent letters on bars denote significant differences.
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2015 Infrared Plant Temperature Averages of Calamagrostis,
Panicum, and Schizachyrium
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Figure le: Representative trend of 2015 Infrared Plant Tetoperalhe 0% treatmemtas
significantly more stressed than the other three treatments, with ecedife between the 25%,
50%, and 100% treatmentBifferent letters on bars denote significant differences.

2014 Leaf Dry Weight of Calamagrostis, Panicum, and

Schizachyrium
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Figure 2a: 2014 leaf dry weight of dtiree specief?anicum virgatumRotstrahlbusch’ showed
no difference between treatments, while bo#tamagrostis brachytrichandSchizachyrium
scopariumBlaze’ in the 0% treatment accumulated significantly less biomass than all other
treatments.Different letters on bars denote significant differences.
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2015 Leaf Dry Weight of Calamagrostis, Panicum, and

Schizachyrium
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Figure 2b: 2015 leaf dry weight of all three speciel.thhee species showed significantly less
biomass accumulation in the 0% treatment compared to the 25%, 50%, and 100%tseatme
There were no differences between the three higher treatments, @atapagrostis
brachytricha25% plants were significantly larger than their 50% and 100% counterparts.
Different letters on bars denote significant differences.

2014 End of Season Height of Calamagrostis, Panicum,
and Schizachyrium
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Figure 3a: 2014 end of season height of all three species. There is slightvabiatthe 0%
treatment wa always in the smallest range of plant heighifferent letters on bars denote
significant differences.
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2015 End of Season Height of Calamagrostis, Panicum, and

Schizachyrium
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Figure 3b: 2015 end of seasondtwiof all three speciesThetrend still in placevas the 0%
treatmentvas shortest, while plants in the 25% treatmeetetallest. Different letters on bars
denote significant differences.

2014 End of Season Circumference of Calamagrostis, Panicum,
and Schizachyrium
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Figure 3c: 2014 end of season circumference of aktBpeciesCalamagrostis brachytricha
andSchizachyrium scopariutBlaze’ circumferences the 0% treatmenwere smaller than
25%, 50%, and 100% treatmentDifferent letters on bars denote significant differences.
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2015 End of Season Circumference of Calamagrostis,
Panicum, and Schizachyrium
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Figure 3d: 2014 end of seastrcumference of all three species. All three species in the 0%
treatment had significantly reduced circumference than their irrigated coutgevgéh no
differences between the 25%, 50%, and 100% treatmBiifferent letters on bars denote
significant differences.

2014 Floral Impact Ratings of Calamagrostis, Panicum, and

Schizachyrium
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Figure 4a: 2014 floral impact ratings for all three species. All three speciessségiin the 0%
treatment hda significantly lower floral impact ratings than their 25% irrigated counterparts.
Different letters on bars denote significant differences.
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2015 Floral Impact Ratings of Calamagrostis, Panicum, and

Schizachyrium
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Figure 4b: 2015 floral impact ratings for all three species. The overalbredhaips between

groups changed, but all three species in the 0% treatment had significantlydtimgs than
their 25% irrigated counterpartfifferent letters on bars denote significant differences.

2014 Landscape Impact Ratings of Calamagrostis, Panicum,
and Schizachyrium
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Figure 4c: 2014 landscape impact rating of all three speBisicum virgatum

‘Rotstrahlbusch’ an&chizachyrium scopariutBlaze’ plants in the 0% treatmehad
significantly lower landscape impact ratings than all other treatm@atlemagrostis
brachytrichashowed that 25% irrigation provided a higher landscape impact rating than 0%,
50%, and 100% Different letters on bars denote significant differences.
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2015 Landscape Impact Ratings of Calamagrostis, Panicum,
and Schizachyrium
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Figure 4d: 2015 landscape impact rating of all three species. 25%, 50%, and 100% treatments
werein the top levels of landscape impact for all three species, while the 0% treatment is
significantly lower. Different letters on bars denote sigaiftadifferences.
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season. Treatments clockwise from Top Left: 1) 0%, 2) 25%, 3) 50%, 4) 100%.
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Frequency Domain Reflectometry: Water Content by Depth
- Combined Treatments
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Figure 5a: FDR examining water content by depth within the soil profile. Allespaaod
treatmentsverecombined. This research indicates a cessation of accessing significant portions
of water between the depths of 20cm and 30Bnfferent letters orbars denote significant
differences.

2015 FDR Data of 25% Treatment By Depth Over the Course
of the Entire Growing Season
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Figure 5b: FDR examining water content by depth over time. All species and tresatvaeant
combined This research indicates a cessation of accessing significant portions of water between
the depths of 20cm and 30cm, with some access taking place between 30cm and 40cm. Below
40cm plants cease accessing water. Different letters on lines denote signifieagnhcis.
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Table 1: Average weekly recommendation when supplying ornamental grasses Withiedo25
irrigation regiment. The exact amount is 0.23 inches. However, this number has been rounded
to 0.25 inches (one quarter of an inch) for ease of use by members of the horticulture. ilidustr
precipitation exceeds 0.25 inches for the week, no irrigation is nece3sapyactice in a

practical grower situation, apply the modified Irrigator's Equation (Eqn&t) using 0.25 as the
value for depth.

2014 Weekly Irrigation Recommendation 0.20545 in.
2015 Weekly Irrigation Recommendation 0.25477 in.
2014/2015 Average Irrigation Recommendation 0.23011 in.

Weekly Irrigation Recommendation: Ornamental Grasses 0-25 In.
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CHAPTER 2: MINFLYSIMETER STUDY

Materials and Methods

The study was conducted at the Colorado State University Plant EnvironmentatResea
Center (PERC) located at 630 West Lake St, Fort Collins, CO 80523 (40°34'8” N, 105°5'24”
W). The study was initiated in April, 2014 whplants were transferred into Greenhouse 4A at
the Plant Environmental Research Center. Soil samples were colledtey iof 2014 and sent
to the CSU Soil Water and Plant Testing Laboratory. Soil was found to be a Sandy Clay Loam
with a sand:silt:clay rat of 57%, 15%, and 28 respectively A summarizedoil test result can

be found (Appendix 12a and 12b).

This portion of the study examined a singpecies of ornamental grass used in the Water
Use StudySchizachyrium scopariutBlaze’ (Blaze Little BluestemjUSDA NRCS National
Plant Materials CenteP015) This variety was selectddr its vigorous growthits lack of
extremely deep rooting, artd ornamental popularity. Plants of uniform size (3.79L, 1 gallon)
were purchaed at Little Valley Wholesale Nursery in Bright@0O. A total of 25 individual
plantswere purchased to allow for eight replicates to be placed in each of the thyatgoinri
levels. All grasses were planted into 56.78L (15 gallon) containers accordiegtto B
Management Practices. Field soil from a plot adjacent to the Water Use Study wasfilised
all containers. Bulk density was determined using a custom Madera Soil Probbdriain of
Dr. Allan Andales, Soil and Crop Sciences, at Colorado State University in orelesure
uniformity (Equation 5). Plantsere allowed to establish for 78 Days in in Greenhouse 4A at
PERC. During establishment, pots were watered once until saturation wasdgchisV allowed

to drain to field capacity. After the initial watering, plants were watered as needed.
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After establishment, plants were placed in the field in arppbt system on June 29,
2014. All 56.78L pots in the experiment were the same dimensions. Each plant was provided
with 50 grams of Osprtote fertilizer(14-14-14) considered a light amount. There were three
treatments in the lysimeter component, which each received supplementabnriggegted on
calculated crop coefficient gand ET. The three treatments used were 25%, 50%, and 100%

of actual plant ET (EJ).

There were threreatment rowseach with 8 individuals per row (Appendix 6). There
was also a fourth row of six pots filled with only field soil. Two solil pots received 25%, 50%
and 100% EJrespectivelyandthese potsvere usedas controlgo monitor evaporation during
dry down periods. Each plant was placed a minimum of 1.22 m away from any neighboring
plant, and all plants were spaced at equal intenAtishe end of the study it was measured that

no plant canopies extended beyond the diameter of the container.

In the 2015 growing seasomeasurements wepgematurely terminated before tbed of

the growing seasaio accommodate construction ofoetball stadium aCSU.

Water used in this experiment was fotable from College Lake in Fort Collins, CO.
Water was supplied to plants using a drip irrigation system (Rainbird ¥ tubing, 3.79 gallon pe
hour emitters).Irrigation was automated by uséa programmable timer (Rainbird, ESFC,

Azuza, CA). No fertilizewas supplied through the irrigation system.

Weeds were managed in two methods throughout the study; hand removal and backpack
spraying. Any weeds within pots were hand pulled to prevent possible herbicide damage.
Weeds located outside of the pots wereaged with Ranger Pro (Glyphosate). Weed

management was performed on auveiekly basis from Mayseptember of 2014 and 2015.
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Due to irrigation constraints, grasses in the 100% treatment received four 3.79L (1
gallon) per hour drip emitters, placed 90° ipa allow for optimal water distribution. Grasses
in the 50% treatment received two 3.79L (1 gallon) per hour drip emitters, placed 180amgbar
grasses in the 25% treatment received one 3.79L (1 gallon) per hour drip.eBitigters were
placed aground level and were closely positioned to the majority of plant biomass. In May
2014, 3Zrandomemitter pairs were tested for flow accuracy. Average emitter efficiency was
98.1%. In May 2015, another 32 random emitter pairs were tested for flovaageuith an
average emitter efficiency of 98.4%. Due to an unusaaming in temperatur@ March each
plant received one winter watering treatment of 1.5 gallons on March 30, 2015 to ensure pla

survival.

ETo was recorded using an atmometer (ETGagb)ch has been proven to be
comparable at estimating ET to Penman Monteith calculation methods. ET seadnmegiaken
on a daily basis. Precipitation events were recorded daily with-arieorain gauge (Productive

Alternatives, Fergus Falls, MN).

ET was quantified in units of mass (grams) of water lost, and these units were ednvert
to inches using the irrigators equation (Equation 3). With a known value of ET (and therefore
water) to apply and a known flow rate, irrigation treatments were cadubaice a week usiray

simple and seconahodified IrrigatorsEquation.

Volume of Water Lost
Flow Rate

Time =

(Equation 3)

Volume of Water Lost is the amount of water lost from the pot throughout the dry down.

Flow rate is the rate which water is applied to the plants using drip emitters. Theemount
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of time to allow the irrigation system to run. The time was calculated for the 100%ean¢atm
and all other treatments were appliedidentical timeswith the difference®eing redeed with
emitter numbes. Flow rate varied by treatment, ranging from 3.79L/hr in 25%, 7.58L/hr in
50%, and 15.16L/hr in 100%. For example, all plants in the 100% treatment received the
average ET lost among 100% treatments, while the 50% treatment only receivecakatbge
ET lost in 50% treatments. E&iB expressed in units of inches of water, so US volumetric
measurements were used to calculate water treatments. Coupling Equatibril&wrrigations
Equation from the Water Use Study allowed determination of irrigation using Egdatio

ETs = Kc X ETo

Equation 4a was rearranged to determine a Crop Coefficietd crop coefficients are

determined using the 100% ET rate of unstressed plasitg) Equation 4b:

ETs

Kc=—
‘= ETo

Irrigation events occurred on a weekly basis. Precipitation exceedsmgtes were
accounted for. If such an occasion occurred sinceaiieMatering event, soil moisture deficit
was assumed to be zero, and that all excess precipitation was losflduettoough This
means that treatments were not applied for that particular week. Any exteapndaather
events (such ata snow or hail) were recorded. The mean weekly amount of water applied per
guadrant during the 2014 and 2015 seasons can be seen in Appendix 7a and 7b.

Bulk Density (BD) of the soil was determined using Equation 5:

BD = Mass Dry Soil
~ Volume Soil
ParticleDensity (PD) of the soil was determined using Equation 6:
Mass of Solid
PD = .
Volume of Solid
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Gravimetric Water Content (GWC) of the soil was determined using Equation 7:

Mass of Water

GWC =
Mass dry soil

Volumetric Water Content (VWC) of the soil was detered using Equation 8:
VWC = GWCx BD

Determining treatment effects was one of the major objectives of this projeetj@asv
data parameters were collected in ordestiserve the impact dese effects. These parameters
can be split into two categosigplant ET and stress, and ornamental quality. Plant ET and stress
parameters consisted of predawn water potentiglglant weight, and daily photographs. Plant
ornamental quality parameters included height, width, circumference, green-ujtoshagng
date, floral impact, landscape impact, overall habit, colorssafling, representative

photographs, and dry weight (Meyer, 2015).

Four Dry down periods were conducted in both 2014 and 2015. Dry down periods
consisted of providing each treatment with its relative level of irrigatiahtl@en allowing
plants to dry out to critical stress levels. Plants were provided with their rigspece! of
irrigation, and allowed 24 hours of drainage to removede®p percolation. Pots were then
temporarily sealed with SeahdPeel caulking to eliminatérainage. During dry down periods,
plants were provided with no supplemental irrigation, and ET and stress paramegters
collected on a daily basis. In 2014, stress parameters were also collected loztilyeian dry
downs. Water Potential was measured using a Pressure Chamber (PMS InstrunpeamtyCo
Model 600, Albany, OR). Readings were taken between the hours of 11pm-3am Mountain
Standard Time (MST). Two blades from each plant were taken from five planthin ea
treatment. Both readings were averaged together to create a single watealdotezdich

individual.
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In 2014, entire pot and plant weight was meastoedix plants in each treatment
including the controbn a daily basis. This allowed for a measurement of weight loss, and in
turn ETs. Pots were weighed using a migsimeter Aframe with attached-Beam load cell
(Model ZB1-250-000, Sentran, LLC, Ontario, CA) and digital indicator (Model 250, Sentran,
LLC, Ontario, CA). The moveable fkameis shown in Appendix 8. Pots were weighed

between the hours of 11pm-3am Mountain Standard Time (MST).

Accompanying? and weight measurements were photographs &f glaat.
Photographs were taken from above to give an accurate view of canopy density. Photographs

were taken on a daily or bi-daily basis between the hours of 12 noon-3pm.

Plant ornamental quality parameter were based on the National Ornamentdalriatass
by Mary Meyer inMinnesota (Meyer, 2015). These measuremastgbelieved to be the best
and most representative of accurately determining the ornamental quality of gpgrass. s
Greenup date was taken once at the beginning of the growing season in 2015 whenegjisnts b
to exhibit new growth. Green-up date was not recorded in 2014 because plants were grown in a
greenhouserior to being placed at the research.siowering date was monitored throughout

the growing season and represents the date a plant first shows a single inflorescence.

Height, width, and circumference measuremergs: taken on a monthly basis. Five
measuements were taken in 2014, and four were taken in 20i#al measurements were
taken immediately when plants weransferred into the field. Height was measured from the
plant base to the tallest point on the stem, including inflorescences. Grassesasured at
their natural peak, which includes the lodging or “falling over” of any grass bladesh Wadt
measured at the widest point of the grass, aiddhdt include lodging. Circumference was

measured-% cm from the base of the plant.
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The remainder of the ornamental characteristics were also taken on a monthly basis.
Floral impact is a measure of bloonoshness, and is on a scale of 15toln this scale a
measure of 1 shows minimal to no blooms, while 5 shows numerous spectacular and showy
blooms. Landscape impact is a measure of the impact/showiness an individuabyddhtwe
on a landscape. This on a scale of fio 5 with 1 representing a plant with minimal or no use in
a landscape and 5 representing a plant with a remarkable overall presencandgsbade. This
measure takes into account color, bloom, showiness, habit, damage, and lodging. Overall habi
is a specific measure of the habit of a plant. Since grasses are known to lodgehabgralla
rating of 1 to 5 with 5 being a completely prostrate plant and 1 being a completely upright plant.
Color was determined using a RHS Mobile Colour Chart (RHS Large Colour Chad, )6
which allows for coding and description of the plant color. Sedfeding was rated on a scale of
1 to 5 and was determined by counting the number of seedlings located around an individual. A
representativphotograph of each species in each quadrant was taken to provide a visual
representation of plant growth. All photographs contain the same measuring destado
The visual quality values of each individual scale can be seen (Appendix 5b), while pblagogra

of plants by treatment can be seen (Figure 8).

At the end of each growing season, plants were harvested to obtain dry weight
measurements. Each plant was uniformly cut 7 cm from the base of the plant.idptassb
wasdried by placing each plant in a drying oven set at 70°C (158°F) for 48 hours and measuring
thetotal dry weight usingn Ohaus Adventurer Pro model AV2101C scale (Ohaus Corp., Pine

Brook, NJ).

Evapotranspiration and the amount of water to apply was determined by measuring the

actual ET used by each treatment. Values for that specific treatment were the lojvilde
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amount of irrigation that treatment was receiving (for example the 50% é&weiivhich used 1.6
inches via ET in a given period was given 0.8 inches when that dry down period was concluded).
Since this was a dry down study, irrigation events were applied at the end of each dryfdown. |
there were periods of time when ET was no¢atly measured using the lysimeter, thestte
atmometer was used as the baseline reading for each treatment. For a fulidistragation

applied by week, see Appendix 7a and 7b.

One plant in the 100% treatment died over the 2014 to @1t&r. Due to the death of

plant G1, plant G7 was substituted into the G1 position for all 2015 measurements.

Data analysis was conducted using the $a&tware with SAS 9.4 for Windows (SAS
Institute, Inc., 2014). The Mixed Procedwas used on all data to run an analysis of variance
(ANOVA) and to compare the least square means. Data were considered statigjiciiltyast

with a pvalue less than or equal to 0.05.

Results and Discussion

Evapotranspiration wastaledover the period of a dry down. The amount of water used
by each plant in each treatmevdsused to determine if applying less water to a plant would
actually make it use less water in the long run. During the first two dry downs of both 2014 and
2015, there was no difference in evapotpargion between treatments (Big 6a-69L It is
important to note for data analysis that each dry down period lasted a diféergthi of time. In
2014, the first two dry downs took place between July 20 to 30, and August 3 to 16. In 2015, the
first two dry downs took place between July 12 to 21 and July 29 to Augusii8 indicates
that as the plantseregrowingtheir initial foliage earlier in the seasamd inceasing in both

height and widththey usd the same amount of water regardless of treatment. The more
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interesting data comes during the third and fourth dry downs in both seasons. During the third
dry down in both 2014 and 201the 25% and 50% treatments used less whasear the 100%
treatment (Figures 6@h). It is important to notéor data analysis that each dry down period
lasted a different length of time. During the fourth dry down in both 2014 and 2015, the 25%
treatment used significantly less water than the 50% and 100% treatmentsonfinms the
hypothesis that during ela seasonasthe plants gain circumference, begin flowering, and
acquire fall color, the plants receiving deficit irrigatwareusing less water. This information
coupled with visual rating measurements, which do not differ between treatruggisstshat

the plants in the 25% treatment can adapt to use less water while still obtairig suiful
ornamental characteristics and stature. In 201125% treatment used 60% of the water used
by the 100% treatment, and in 2015, it used 53% of the water used by the 100% treatment. This
means thawvithin a fewmonths Schizachyrium scopariutBlaze’ is capable of adapting to a

lower water regiment, and effectively budget the water for proper survival. I$bigngportant to
note that during 201%here werenever more than three days between dry downs, indicating that
these plants were under slightly more stress than was intended for this study pedstmed
satisfactory Since these plants were in pots and likely to dry out slightly fasterttiose in the
ground, it would seem that these resul&selikely to transfer to other ornamental grass species

in a nonpotted system.

To compare evapotranspiration from year to year, the total amount of ET used during
each dry down was compared between treatments. Since themoinalays in each dry down
always exceeded seven days,diferences in time periodsas not considered significant. All
three treatments during each dry down wemesidered equivalengxclusive of four situations in

which there was a difference in ET between years. During the second dry down of eadteyear, t
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25% and 50% treatments eaded less water in 2014 (Figure)6 During the third dry down,
the 50% treatment used less water in 2015. In the fourth dry dows)%héreatment used less
water in 2014. In three of these four cases, the plants used less water i©B@lypothesis is
that as these plants grow larggreywereusing morewvater regardless of treatmentowever

this is unsubstantiated just basedthese four slight deviations. A crop coefficient of 0.69 was

determined for the 100% treatment.

Coupled with the concept of different treatments using different amounts of witer is
stress that these treatments put on the plant. In the Wat&tlse plants were watered every
seven days and never exposed to a period of drought throughout the summer. However, in the
Lysimeter Studythese plants were often left fperiods up to two weeks without water during
the (istorically) hottest time of the year (Colorado Climate Center, 2010). For this fie&son
extremely important to understand heowell these plantperform physiologically under deficit
irrigation when theyvereconsistently exposed fwolonged periods of drought. During dry
down 1 in 2014there was no difference between the three treatments fromtday, and from
days 6 to 11the 25% treatment was more stressed tharther two treatments (Figura)7
During dry down 2 in 2014here was no difference between any treatmemtsny day. During
dry down 3 in 2014the 25% and 50% treatments were more stressed than the 100% treatment
for all seven days of the dry down. The final dry down in 2014 resulted in no difference between
treatments for the first four days, while orygd&to 11,the 25% treatment was dramatically
more stressed than the other two treatments. The one commonality to each dry dowtheas tha
25% treatmenivas always significantly more stressed once the plants reécteed days
without water. This information from 2014 hadignificantimplications as to the health of the

plants receiving 25% irrigation, despite their quahtyual appearance.
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In 2015,there were no differences between any of the treatments during any dates of the
first two dry downgFigure 7b). This could be due to the fact thatekieemely heavy clay soll
was filled to field capacitypy heavy rains in the early summer. During dry down three, when
different treatmente/erebeginning to use different amountsvedter, the 25% treatemt started
more stressed than 50%, and 5086 startednore stressed than 100%. Day two results in 25%
and 50% being more stressed than 100%. For the next sixldayssatments tradeoff between
these two trends. The final dry down of 2015 showe@%H%6 treatment being more stressed
than 50% and 100% by the third day. From days¥®tall the treatmentsereunder
significantly different levels of stress, with 25% being the most stressktiaD% being the
least. The second two dry downs of 2015 supported conclusions of all dry downs from 2014.
The final dry down of 2015 begins to suggest that even the plants receiving 50% irrggton
more physiologically stressed than their fully irrigated counterpartso (epictions of the
differences beteen treatments on two specific days in both 2014 and 2015 can be seen in

Appendix 11a and 11b).

The most important conclusion comes from coupling the concepts of evapotranspiratio
and water potentials. The evapotranspiratiata generated indicatésat as thgrowingseason
progresseglants receiving ks water were using less water éimelywere alsdecoming
significantly more stressed. Additionaliyne longer a period of drought they experience, the
more dramatic these levels of stress can rise. This means that if these plants receive deficit
irrigation andweresubjected to a period ektremedrought, it is possible they may not be able
to survive, while their wellvatered counterparts may survive. This information suggests that
wateringSchizachyrium scopariutBlaze’ at 25% irrigation is likely possible. dwever,

irrigation events may need to be more frequerdompensate for the additional stre¥ghen
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comparing water potentials between 2014 and 2015, the average value of each treatmemt for e
dry down period was calculated. There was no difference between years for any of the three
treatments during ebof the four dry down periods. Measurement of above ground biomass

yielded no statistical difference between treatments forrebi4 or 2015.

Measurements of height, width, and circumference were taken in the same manner as in
the Water Use Study. Five readings of each measurement were taken in 2014, andifgs rea
were takenn 2015. For all nine readings thereneno difference between treatments for
height, circumference, or width (Appendix 9a and 9b). Visually, plants in each tre&dolesd
very similar (FigureB). There were neignificantdifferences in height, or width between 2014
and 2015. Circumference yielded differences between 2014 and 2018 nealireatments
(Appendix 9¢. This effect is likely due to theetterestablishment of the plantsspring 2015.

In 2014, plants were still establishing in their new environment after being tradsfiem he
greenhouse. In 2015 itis likely that plants were established, and theveferable to increase

significantly in girth.

Measurements of floral impact, landscape impact, overall habit, and foliage enéor w
takenin the same manner as in Chapter 1. Water Use Study. Five readings of each measurement
were taken in 2014, and four readings in 2015. For all nine readings, there was found to be no
difference between treatments for floral impact, landscape impacbyvanall habit (Appendix
10a and 10b). The first date of reading in 2014 was the only exception, as the 25% treatment
received a lower landscape impact rating than the 100% treatment. This effdikaly due to
initial planting size. Visually, plants in each treatment looked very similar (F&jure
Measurements of foliage color were consistent with that of the Water Use Study for

Schizachyrium scopariufBlaze’. As a visual observation, plants experiencing higher water
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potentials in the heat of summer produced larger blooms more frequently and cbataine

slightly less vibrant foliage color.
Conclusion

The most interesting aspects of the Lysimeter Saundyconcluded when combined with
the Water Use Study. As previously stated, the ET readinggitstates the season progresses,
plants receiving les water were using less waterov¢ver,as these plantsereusing less water
theywerebecoming significantly more stressed. When exposed to long periods of drought, the
plants in the 25% treatmergachedextremelylow water potentials, even compared to a standard
extreme watepotential (Kramer and Boyer, 1995). Typically, the longer the drought lasted, the
more dramatic these spikes in stress were in the deficit irrigation treatmeptkeylto
understanding how to make the concept of 25% irrigation work comes from the Water Use
Study. In this study thereeseno issues with plant growth, visual appeal, or overall stress when
plants were watered on a strict regimen of once a week. This means that as long as these plants
werenot subjected to periods of drought, a 25% bluegrass evapotranspiration regime is feasible
for ornamental grass production and maintenance. The major prauticatry implications
werethat a 75% water savings is possibleewlgrowing ornamental grasses. Howeifehese
plantswere planted in aarea with waterastrictiongwhere it may be impssible to access water
during a drought, a 50% or 75% irrigation regime may be a better option. Additional
information from the Fequency Domain Reflectometry indicates these grasses tend to access
water in the very top 20-25cm of the soil profile. Euos reason it may be more practical to
water at 25% ET at more frequent intervals in order to ensure the gness@scessing water

from a preferrednd shallower location. With the information coupled from these two stadies,
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25% bluegrass evapotranspiration regime should be adopted for ornamental grassessas long a

they are not frequently exposed to periods otight lasting longer than a week
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2014 Evapotranspiration of Schizachyrium scoparium
During First Dry Down Period
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Figure 6a: 2014 evapotranspiration during the first down pefldere was no differende
evapotranspiration between treatmerid#ferent letters on bars denote significant differences.

2014 Evapotranspiration of Schizachyrium scoparium
During Second Dry Down Period
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Figure 6b: 2014vapotranspiration during tisecond dry down periodThere was no difference
in evapotranspiration between treatmermé#ferent letters on bars denote significant
differences.
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2015 Evapotranspiration of Schizachyrium scoparium
During First Dry Down Period
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Figure 6¢: 201®vapotranspiration during tlfiest dry down period. There was no difference in
evapotranspiration between treatmerdferent letters on bars denote significant differences.

2015 Evapotranspiration of Schizachyrium scoparium
During Second Dry Down Period
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Figure 6d: 201%vapotranspiration during tisecond dry down periodThere was no difference
in evapotranspiration between treatmerm#ferent letters on bars denote significant
differences.
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2014 Evapotranspiration of Schizachyrium scoparium During
Third Dry Down Period
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Figure 6e: 2014évapotranspiration during thieird drydown period. The 25% and 50%
treatments used less watkah the 100% treatmenDifferent letters on bars denote significant
differences.

2014 Evapotranspiration of Schizachyrium scoparium
During Fourth Dry Down Period
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Figure 6f: 2014vapotranspiration during thieurth dry down period. The 25% treatment used
significantly less water than the 50% and 100% treatmeridsferent letters on bars denote
significant differences.
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2015 Evapotranspiration of Schizachyrium scoparium
During Third Dry Down Period
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Figure 6g: 201®vapotranspiration during tlieird dry down period. The 25% and 50%
treatments used less watkan the 100% treatment. Different letters on bars denote significant
differences.

2015 Evapotranspiration of Schizachyrium scoparium
During Fourth Dry Down Period
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Figure 6h: 201®vapotranspiration during tiieurth dry down period. The 25%eatment used
less water than the0% treatmentand the 50% treatmensed less watehan the 100%
treatment. Diffeent letters on bars denote significant differences.
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Differences Between 2014 and 2015 in Average Daily
Evapotranspiration: Comparing Average Water Used During
Similar Temporal Growing Periods
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Figure 6i Differences between 2014 and 2015 in amount of evapotranspuatioy similar
temporal periodsOnly similar treatments were comparel dry down periods which were
not significantly different between years were excluded from graph. In threefolitheases,
the plants in 2014 used less watBifferent letters on bars denote significant differences.
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Daily Water Potential of Schizachyrium scoparium during 2014
Dry Down Periods
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Figure 7a: Daily water potential during all four dry down periods of 2014. The graph
emphasizes the lack of stress during early season drought periods, and a large mstessse i
during late season drought periods. The significant level of strass) (B also seerlhe 25%
treatment is always significantly more stressed once the plants réa@hdays without water.

Note, since each dry down period was dictated by outdoor weather, dry down periods lasted a
variable number of days. The grappctts the start and end date, as well as the best
representation of the middle date for that dry down period.
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Daily Water Potential of Schizachyrium scoparium during 2015

Dry Downs
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Figure 7b Daily water potential durinthree of four dry down periods of 201%he first dry

down period was excluded as a redundant representation of the second dry downTjeriod.
graph emphasizes the lack of stress during early season drought periods, antheré&age in
stress during late season drought periddse 25% treatment is always significantly more
stressed once the plants reacto 5 days without water. Note, since each dry down period was
dictated by outdoor weather, dry down periods lasted a variable number of days. The graph
depicts the start and end date, as well as the best representdiermididle date for that dry

down period.
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Figure 8: From left to right: Representitive phot
25%, 50%, 100%. Images photographed on July 28, 2015.
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CHAPTER 3: PHOTOSYNTHETIC PATHWAY CLASSIFICATION O€alamagrostis
brachytrichg KOREAN FEATHER REED GRASS

Introduction

Warm season grasses are classified as havingphd@osynthetic system, with carbon
assimilation proceeding by a path qualitatively different than many other plhaits grow well
under high temperature conditiofMoser, 2004). Cool-season, as, Grasses dominate areas in
which the warm period is shast temperatures are low (Moser, 200€x grasses are also
known to initiate seasonal growth significantly earlier thasgecies. The most distinct
anatomical feature of{grasses is the Kranz Leaf Anatomy, which is represented by the
development of large bundle sheath cells (Moser, 2004). Another key feature distinghishing t
two photosynthetic pathways is the discrimination of stable isotope 13C compared t6412C
grasseshow improved capabilitest reducing internal CO2 to much lower levels tan
grasses. Because of this,A13C ranges from -10 to -14 while @13C ranges from -20 to -35

(Moser, 2004).

Calamagrostidrachytrichais ashowyfall blooming reed grass from Eurasia.
Calamagrostis brachytrich&s a clumping grass which grows to about 120 cm in heigti
season. Itis considerede of the most highly desired ornamental grasses in the landscape trade
(Grounds, 2003)Calamagrostis brachytrichs grown for its changing leaf color, as well as its
unusually large and colorful blooms. This species begins the growing seasontdalabéd-
March with a nice green color (RHS Color Code #137C), and quickly fades to a yellaw-gree
(RHS Color Code #145A) which is unchanging the oéshe season. Occasionally in fall, a

purple tinge (RHS Color Code #71A) will be present on some folidge flower spikes emerge
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in early fall, and are botwider, fluffier, and more noticeable than most other feather reed
varieties, accounting for its most unique ornamental feature (Greenlee, 1992)owdre fl
plumes fade from green (RHS Color Code #1Bi a spectacular light pink (RHS Color Code

#68C) which rises over one foot above the foliage and is visible from a sizeabledalistan

The Encyclopediaf Ornamental Grasses (1992) as well as Taylor's Guide to
Ornamental Grasses (1997) ci@slamagross brachytrichaas being a warm season grass.
Yuan et. al (2011) is one of the few studies to look at water uSalamagrostis brachytricha
and they consider it to be a warm season species when comparing to a cool season species.
Warm Season ({ Grasesby Moser (2004) focuses on only §pecies. This book extensively
covers all clades of {3pecies, and has a section for b@#micum virgatunandSchizachyrium
scoparium However there is no mention of a@alamgrostisspecies, implying that
Calamagostis brachytrichamay not bea C; grass. After two seasons of observing this species
green up a month earlier and flower at the same time as other warm season grasses, the
classification ofCalamagrostis brachytrichas a warm season grass came into question. For
this reason, deeper analyaisd further studpf this speciesvas needed to classify the

photosynthetic pathway.

Materials and Methods

The study was conducted at the National Center for Genomic Researereaadvation
(NCGRP) at Colorado State University, Fort Collins, CO 80523. The study examined four
samples:Schizachyrium scopariutBlaze’ (Blaze Little BluestemjUSDA NRCS National
Plant Materials CenteR015),Calamgrostis brachytrich@orean Feather Reed Grag8)ctos
Databasg2014) from the field as well as from the greenhouse Cat@magrostis< acutiflora

'Karl Foerster' (Karl Foerster Reed Gra$x (KF’) (Gilman, Edward, 2014)Calamagrostis<
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acutiflora andSchizachyrium scopariumere used as references Gaamagrostis< acutiflora

(Karl Foerster Grass$ a known G grass andchizachyrium scoparium a known @grass.
Calamagrostis< acutiflora, Schizachyrium scopariyrand greenhouse grovGalamgrostis
brachytrichawere consideigto be at a mature stage of growth. Field gr@atamgrostis
brachytrichasamples were taken at both initial and mature growth stages. The differerit growt
stages were taken in order to account for @\yCs transition periods, if they did occur. A

minimum of four leaves were sampled for each species.

The first data set collected for this studyolvedsectioning on leaf vasculature using a
Spurr’'s Resin Kit for analysis under light microscopyhd Spurr's Resin full listing of
embedding and sectioning protocol and chemical compositions can be seen in Table 2a and 2b).
All measurements for the Spurr’s kit were made using an Ohaus 1500D scale. USipgrite
Kit (Table 2a and 2lio embed and section, plant material took 9 days to process. Resin blocks
weremounted and sectioned using a RMC MTX Rotary Microtome. Glass knives for the
microtome were created using a Leica EM KMR2. Sections were then mounted and stained with
Stevenel's Stain. Anatomical sections were visually imaged usingyaExwave HAD DSP
3CCD Color Model DXE990 digital camera, which was mounted to an Olympus BH2
Microscope system. Photographs were digitally cataloged and analyzed using ©lympu
MagnaFIRE version 2.1C software. Sections were compared with knoamdGZ plant

vasculature to draw an accurate conclusion.

The second parametier determinevas a Carbon 13 isotope discrimination. Samples of
C. brachytrichafrom both the field and greenhouse, as welbascopariunsamples were sent
to EcoCore Analytical Seices onthe Colorado State University campus for a carbon isotope

analysis. Schizachyrium scopariumas included as a knowns €ference plant. Samples were
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dried, ground, and encapsulated at the EcoCore facility. EcoCore Analytici@sSeses & G
Isochrome continuous flow IRMS (Isoprime Inc., Manchester, UK) Mass spectrometer.

Equipment is known to be accuratewithin 0.4 per thousand

Thefinal traitsobserved to strengthen classification was the date of new growth (green
up date), and florahitiation date ofCalamgrostis brachytrichaGCs, or cool season, species are
known to initiate seasonal growth up to a month prior4m€warm season, species (Moser,

2004).

Results and Discussion

Representative examples of vascular anatomy can be seEguias 9a-d All samples of
Calamgrostis brachytrichahow clear vasculature lacking bundle sheath cells. This is
confirmation thaCalamgrostis brachytrichégs aCs species with a cleds anatomy. 8mples

were taken at various growth stage®hsureCalamgrostis brachytrichavas not a transition or
obligate G species. Each section taken throughout the various growth stages were congruent
with one another, proving th@alamgrostis brachytrich&s aCs species at allevelopmental

stages.

A full Carbon 13 analysis seen(Table 3. All Calamgrostis brachytrichaamples analyzed

were between the values-@fl.6 and -24.1, with an average of -22.&¢thizachyrium
scopariumwas used as a known, @&ference plantSchizachyrium scopariusample recorded a
value of -12.2897. Typical4513C ranges from -20 to -35, while €13C ranges from -10 to -

14 (Moser, 2004) The average value e22.87 is consistent with the information obtained from
anatomical characteristics; tf@aalamgrostis brachytrich&s aCs species. Th&chizachyrium
scopariumvalue of -12.2897 confirms that the mass spectrometer provided accurate rdseilts. T
variations inCalamgrostis brachytrichd13C values is likely attributed to environmental
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conditions. While both field samplegererelatively close ih13C value, th&€€alamgrostis
brachytrichasample taken from the greenhouse varies to a larger extent. This can be attributed
to the fact that leaf samples taken from this plant had been initiated for mortres theke

taken in the field samples (due to prolonged growing season in the greenhouse 3ettex)) (

2014).

In 2014, allCalamgrostis brachytrichplants averaged a greep date of March 26, 2014. This

is compared to an average of April 30, 2ahd April 26, 2014 foPanicum virgatunand
Schizachyrium scopariunespectively. In 2013ll Calamgrostis brachytrich&ield 2 plants
averaged a greaup date of March 24, 2015. This is compared to an average of May 11, 2015
and May 2, 2015 foPanicum virgatumandSchizachyrium scopariunespectively. Frornthese
observationsCalamgrostis brachytrichalants begamo green up over a month before their
well-known warmseason counterparts. THisther supports the conclusions presented in the
vascular aatomy and carbon isotope analysis results. In conclusion, based on leaf vasculature
sectioning, Carbon isotope analysis, and observation of ggeeate it is clear that

Calamgrostis brachytrich& a true Gspecies.
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Table 2a: Spurr Resin Kit Embedding Process

DAY ACTIVITY

TIME FRAME

- Place in fixative

1 |- Cutfresh tissue to 1mm pieces or small

- Overnight in rotator

2 | - Rinse 3x with 50 mM Pipes buffer

- 10 minutes per rinse while rotating

3 | - Rinse 3x with 50 mM Pipes buffer
BEGIN DEHYDRATION WITH
ACETONE

- 30% acetone

- 50% acetone

- 70% acetone

- 90% acetone

- 100% acetone

- 100% acetone

- 3:1 acetone:Spurr

- 10 minutes per rinse while rotating

- 15 minutes, rotating
- 15 minutes, rotating
- 15 minutes, rotating
- 15 minutesrotating

- 15 minutes, rotating
- 15 minutes, rotating
- Overnight, rotating

4 | -2:1 acetone:Spurr - 4 hours

- 1:1 acetone:Spurr - 4 hours
5 | -1:2 acetone:Spurr - 4 hours

- 1:3 acetone:Spurr - 4 hours
6 |- Pure Resin - Overnight
7 | - Pure Resin - Overnight
8 | - Pure Resin + Accelerator - 6-8 hours

- Polymerize in oven @ 70 degrees - Overnight
9 |- Remove from oven

Table 2b: Spurr Resin Composition Recipe
ITEM COMPOSITION

Spurr Resin (from Spurr Resin Kit)

- 5g ERL4206, 3g DER736, 13g NSA.
- Accelerator (in Spurr Kit) only preseim
last 100% resin treatment.

Fixative (12ml)

- 1.2ml 500 mM Pipes Buffer
0.6ml 20% glutaraldehyde
1.5ml 16% paraformaldehyde
8.7ml ddH20.

Postfixation Osmium (5ml)

2.5ml Osmium tetroxie
0.5ml 500 mM Pipes buffer
2ml ddH20.
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. * d.
Figures 9ad: Ornamental grass leaf vasculature cross sections.

a) Calamagrostis< acutiflora 40x cross sectiorb) Calamgrostis brachytrich&ield 40xcross
section c¢) Calamgrostis brachytrich&reenhouse 40sross sectiond) Schizachyrium
scoparium40x cross sectionAll samples oiCalamgrostis brachytrichahow clear vasculature
lacking bundle sheath cellspnfirmation thatCalamgrostis brachytrichhas a clea€s anatomy.
Samples were taken at various growth stages to e@alaengrostis brachytrichaas not a
transition or obligat€s species.Figures @-d samples represewhsculature at all growth stages
for all species.

Table 3: Full Carbon 13 analysis@&lamgrostis brachytrichand control species
Schizachyrium scopariumAll Calamgrostis brachytrichaamples analyzed were between the
values of -21.6 and -24.1, with an average of -22.87; a value consistentwitBC ranges.

SAMPLE |I.D. DELTA 13C %C
Calamgrostis brachytricha -24.0477 44.41
Greenhouse
Calamgrostis brachytricha -21.6047 44.79
Field 1
Calamgrostis brachytricha -22.9617 45.66
Field 2
Schizachyrium scoparium -12.2897 44.54
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APPENDICES

ET for Rainfall for | Total to apply Total to Total to Total to
week week to 100% apply to 50% | apply to 25% | apply to 0%
DATE {Inches) {Inches) {inches) (inches) (inches) (inches)
5/26/2014 1.15 0.82 0.33 -0.245 -0.5325 0
6/2/2014 1.45 0.24 1.21 0.485 01225 0
6/9/2014 1.35 0.67 0.638 0.005 -0.3325 0
6/16/2014 1.25 0.12 1.13 0.505 0.1525 0
6/23/2014 1.5 0.18 1.32 0.57 0.195 0
6/30/2014 1.25 0.23 1.02 0.395 0.0825 0
7/7/2014 1.8 0 1.8 0.9 0.45 0
7/14/2014 1.35 0.98 0.37 -0.305 -0.6425 0
7/21/2014 1.3 0.615 0.685 0.035 -0.29 0
7/28/2014 1.62 0.41 1.21 0.4 -0.005 0
8/a/2014 1.55 1.4 0.15 -0.625 -1.0125 0
8/11/2014 1.63 0.21 1.42 0.605 0.1575 0
8/18/2014 1.42 0.045 1.375 0.665 0.21 0
8/24/2014 1.41 0.06 1.35 0.645 0.2525 0
8/31/2014 1.17 0.295 0.875 0.29 -0.0025 0
9/7/2014 1.21 0.215 0.955 0.35 0.0875 0
0/14/2014 0.75 0.6595 0.055 -0.32 -0.5075 0
0/21/2014 1.27 0 1.27 0.635 0.3175 0
0/28/2014 1.05 0.25 0.8 0.275 0.0125 0
6/8/2015 1.1 0.56 0.54 -0.01 -0.285 0
6/16/2015 1.36 0.65 0.67 -0.01 -0.35 0
6/23/2015 1.53 0.08 1.45 0.685 0.3025 0
6/30/2015 1.62 0.38 1.24 0.43 0.025 0
7/7/2015 1.49 0.7 0.79 0.045 -0.3275 0
7/14/2015 1.23 0.97 0.26 -0.355 -0.6625 0
7/21/2015 1.69 0.02 1.67 0.825 0.4025 0
7/28/2015 1.36 0.05 1.31 0.63 0.29 0
8/4/2015 1.68 0.05 1.59 0.75 0.33 0
8/11/2015 1.63 0.13 1.5 0.685 0.2775 0
8/18/2015 1.39 0.05 1.34 0.645 0.2575 0
8/24/2015 1.53 0.76 0.77 0.005 -0.3775 0
8/31/2015 1.46 0.02 1.44 0.71 0.345 0
9/7/2015 1.84 0.32 1.52 0.6 0.14 0
0/14/2015 1.26 0.18 1.08 0.45 0.135 0

Appendix 1a: Weekly amount of water applied fpeatmenduring the 2014 and 2015 seasons.

Bluegrass evapotranspiration (ETo) and Precipitation are included to sloovatians.
Negative numbers indicate precipitation exceeding irrigation amounts for takat we
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DATE |Weekly ET (in)| Weekly Rainfall (in) [ Apply to 100%(in) | Apply to 50% (in) | Apply to 25% (in) |Apply to 0% (in)
5/26/2014 1.15 0.82 0.33 -0.245 -0.5325 0
6/2/2014 1.45 0.24 1.21 0.485 0.1225 0
6/9/2014 1.35 0.67 0.68 0.005 -0.3325 0
6/16/2014 1.25 0.12 1.13 0.505 0.1925 0
6/23/2014 1.5 0.18 1.32 0.57 0.195 0
6/30/2014 1.25 0.23 1.02 0.395 0.0825 0
7/7/2014 1.8 0 1.8 0.9 0.45 0
7/14/2014 1.35 0.98 0.37 -0.305 -0.6425 0
7/21/2014 1.3 0.615 0.685 0.035 -0.29 0
7/28/2014 1.62 0.41 1.21 0.4 -0.005 0
8/4/2014 1.55 1.4 0.15 -0.625 -1.0125 0
8/11/2014 1.63 0.21 1.42 0.605 0.1975 0
8/18/2014 1.42 0.045 1.375 0.665 0.31 0
8/24/2014 1.41 0.06 1.35 0.645 0.2925 0
8/31/2014 1.17 0.295 0.875 0.29 -0.0025 0
9/7/2014 1.21 0.215 0.995 0.39 0.0875 0
9/14/2014 0.75 0.695 0.055 -0.32 -0.5075 0
9/21/2014 1.27 0 1.27 0.635 0.3175 0
9/28/2014 1.05 0.25 0.8 0.275 0.0125 0

Yearly (in) 25.48 7.435 18.045 5.305 -1.065 0
Weekly Application Amount (in) 0.949736842 0.279210526 -0.056052632 0
Yearly Application Amount (in): No irrigation on weeks with Precipitation 2.26
Weekly Application Amount (in): No irrigation on weeks with Precipitation 0.2054545

Appendix 1b: 2014 yearly and weekly water budgets and recommendations. Shaded numbers
represent adopting the practice of ceasing irrigation on weeks containingtptiecigNegative

numbers indicate precipitation exceeding irrigation amounts for that week.
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DATE |Weekly ET (in)|Weekly Rainfall (in)| Apply to 100%(in) | Apply to 50% (in) [Apply to 25% (in)|Apply to 0% (in)
6/8/2015 1.1 0.56 0.54 -0.01 -0.285 0
6/16/2015 1.36 0.69 0.67 -0.01 -0.35 0
6/23/2015 1.53 0.08 1.45 0.685 0.3025 0
6/30/2015 1.62 0.38 1.24 0.43 0.025 0
7/7/2015 1.49 0.7 0.79 0.045 -0.3275 0
7/14/2015 1.23 0.97 0.26 -0.355 -0.6625 0
7/21/2015 1.69 0.02 1.67 0.825 0.4025 0
7/28/2015 1.36 0.05 131 0.63 0.29 0
8/4/2015 1.68 0.09 1.59 0.75 0.33 0
8/11/2015 1.63 0.13 1.5 0.685 0.2775 0
8/18/2015 1.39 0.05 1.34 0.645 0.2975 0
8/24/2015 1.53 0.76 0.77 0.005 -0.3775 0
8/31/2015 1.46 0.02 1.44 0.71 0.345 0
9/7/2015 1.84 0.32 1.52 0.6 0.14 0
9/14/2015 1.26 0.18 1.08 0.45 0.135 0
9/21/2015 1.03 0 1.03 0.515 0.2575 0
9/28/2015 0.74 0.35 0.39 0.02 -0.165 0
Yearly (in) 23.94 5.35 18.59 6.62 0.635 0
Weekly Application Amount (in) 1.093529412 0.389411765 0.037352941 0
Yearly Application Amont (in): No irrigation on weeks with Precipitation 2.8025
Weekly Application Amont (in): No irrigation on weeks with Precipitation 0.2547727

Appendix 1c: 2015 yearly and weekly water budgets and recommendations. Shaded numbers
represent adopting the practice of ceasing irrigation on weeks containingtptiecigNegative

numbers indicate precipitation exceeding irrigation amounts for that week.
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2014 Weekly Bluegrass ET, Rainfall, and Application Amount of
Three Treatments

o =
[0 S

o
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Amount of Water (inches)
iR
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"

Week Number (Week 1 Begins 5/26/14)

°o«@-- ET for week (Inches) = @ = Rainfall for week (Inches)
e==@=== Total to apply to 100% (inches) Total to apply to 50% (inches)
==@==Total to apply to 25% (inches)

Appendix 1d: 2014 weekly rainfall, bluegrass evapotranspiration, and irrigation applipati
treatment. Any negative numbers represent weeks without irrigation events.

2015 Weekly Bluegrass ET, Rainfall, and Application
Amount of Three Treatments
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Appendix 1e: 2015 weekly rainfall, bluegrass evapotranspiration, and irrigation &pplper
treatment. Any negative numbers represent weeks without irrigation events.
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Water Use Study: 2014 End of Season Width

160
b
140 ab
120 a a
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0% 25% 50% 100%
Treatment (%ETo)

B Calamgrostis brachytricha B Panicum virgatum B Schizachyrium scoparium *p=0.05
Appendix 2a: 2014 end of season width for all three spe€lalamagrostis brachytricha the
0% treatment wersignificantly smaller than all other treatmenBanicum virgatum
‘Rotstrahlbusch’ 0% plantsereat the lowest level, while 50% plants were at the highest level.
Schizachyrium scopariufBlaze’ plants in 0%, 25%, and 50% were all sigrafitly smallein
width than the 100% treatmerifferent letters on bars denote significant differences.

Water Use Study: 2015 End of Season Width
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Treatment (%ETo)

B Calamgrostis brachytricha B Panicum virgatum B Schizachyrium scoparium *p=0.05

Appendix 2b: 2015 end of season width for all three speflalamagrostis brachytrichand
Panicum virgatumRotstrahlbusch’ followed the s@e trends as 20145chizachyrium
scopariumBlaze’ plants in the 0% and 50% treatments were significantly smaller thanithose
the 25% and 100% treatmen®ifferent letters on bars denote significant differences.
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2014 vs. 2015 Circumference Differences

350 b
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S a
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Panicum virgatum 2014 Panicum virgatum 2015 Schizachyrium Schizachyrium

scoparium 2014 scoparium 2015

Species and Year

m50% m100%
*p=0.05
Appendix 2c: Panicum virgatumRotstrahlbusch’ plants in the 50% and 100% treatmame
smallerin circumferencen 2014. Schizachyrium scopariutBlaze’ plants in the 50% treatment
were smaller than those grown in the 2015 seasbeselresults are likebttributedto the
increased wth often exhibited after plants have established and adjusted to their envitonme
Different letters on bars denote significant differences.

2014 Overall Habit of all Three Species
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B Calamgrostis brachytricha B Panicum virgatum B Schizachyrium scoparium £520.05
p=u.

Appendix 3a: 2014 overall habit for all three specielserg were no differences between
treatments, with the exception of the 58%nicum virgatumRotstrahlbusch’ having a lower
rating than dlother treatmentsDifferent letters on bars denote significant differences.
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2015 Overall Habit of all Three Species

a a
a b a b @ 3
4 a I I a I I a I I a I I
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Treatment (%ETo)

Overall Habit Rating (1-5)
N w
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M Calamgrostis brachytricha B Panicum virgatum B Schizachyrium scoparium 020,05
p=0.

Appendix 3b: 2015 overall habitrfall three species. There were no differences between
treatments, with the exceptiontbie 25% and 50%anicum virgatumRotstrahlbusch’ having
lower ratings than their 0% and 100% counterpdbifferent letters on bars denote significant
differences.

Frequency Domain Reflectometry: Water Content by Depth
- 0% Treatment
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*p=0.05

Appendix 4a: FDR examining water contentd®pth within the soil profile; 0% treatment
This research indicates a cessation of accessing significant portions of water bleédegiths
of 20cm and 30cmDifferent letters on bars denote significant differences.
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Frequency Domain Reflectometry: Water Content by Depth -

25% Treatment
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Appendix 4b: FDR examining water contentdgpth within the soil profile; 25% treatment
This research indicates a cessation of accessing significant portions of water bleéndegittis
of 20cm and 30cmDifferent letters on bars denote significant differences.

Frequency Domain Reflectometry: Water Content by Depth -

50% Treatment
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Appendix 4c: FDR examining water contentdspth within the soil profile; 50% treatment
This research indicates a cessation of accessing significant portions of watenhibevaepths
of 20cm and @cm. Different letters on bars denote significant differences.
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Frequency Domain Reflectometry: Water Content by Depth -

100% Treatment
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Appendix 4d: FDR examining water contentdgpth within the soil profile; 100% treatment
This research indicates a cessation of accessing significant paftiwaser between the depths
of 20cm and 30cm, with a slight spike in water usage again between the depths of 50cm and
60cm Different letters on bars denote significant differences.
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Appendix 5a: Plot plan of Water Use Experimentation site. ohif freatments are present, and
each plot contains five of each species.
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ITEM DESCRIPTION SCALE
Spring Green Up | When plants start to put ouf date
initial foliage growth
Height Height to highest vertical cm

point, including inflorescencg
Width At widest point, does not cm
include lodging parts
Foliage Color Royal Horticultural Society RHS #

Color Chart

Overall Growth Habit

Uniformity and lodging

1 = 80%+ prostrate
2 = 66% prostrate
3 = 50% lodging/prostrate
4 = 80% of plant upright/uniform/not lodging
5 = 95% of plant upright/attractive

)

Flowering Date

Initial date of first
inflorescence

date

Floral Impact

“Showiness” of
inflorescences themselves

1 = no flowers present
2 = 25% impact
3 = 50%impact
4 = 786 impact
5 = 95% impact, very showy

Fall Color Color of foliage and date of RHS #
change
Selfseeding Number of seedlings growin 1 = many seediings near plant
near plant 3 = some seedlings
P 5 = no seedlings
Winter Survival Winter injury and overall 1 =dead
ival 3 =50% injury
surviva Sl

Pests

Any injury/pests present

1 = pest evident & detracting from appearar
3 = some pest damage, to 50% of plant
5 = no pests

Landscape Impact

Standalone ornamental valu
to the landscape

1 =very little ornamental valuailandscape
2 =below average landscape
appearance/value. Poor vigor and habit isg

3 =average landscape appearance/valug.

Good vigor but some habit issues
4 = Above average landscape
appearance/value. Only minor problems
5 =OQutstanding landscape agrance/value.

Good vigor/foliage/flowering. No issues.

Appendix 5b: \sual quality ratingrzalues for each individual item. Scale was taken from the

National Ornamental Grass Trials from the University of Minnesota (Meyer, 2015)
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. : Schizachyrium scoparium 'Blaze' ° : Soil
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Appendix 6: Plot plan of Lysimeter Experimentation site. All treatments are presentdiimglu
the control), and each plot contains eight of each species.
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DATE ET 100% ET 50% ET25% Eto
7/20-7/26 2014 1.11 1.12 1.1 1.74
7/27-8/31 2014 | 0.525408 0.53353 0.492775 0.77

8/2-8/92014 | 1.068883 1.061376 1.00518 1.46
8/10-8/16 2014 | 0.856915 0.828499 0.774648 1.29
8/29-9/4 2014 | 0.987113 0.697022 0.594484 1.24
9/14-9/20 2014 | 0.872094 0.651626 0.538337 1.27
9/21-9/25 2014 | 0.378823 0.30327 0.25168 0.8
7/11-7/17 2015 1.15 1.13 1.08 1.7
7/18-7/21 2015 0.42 0.39 0.37 0.7
7/28-8/3 2015 1.05 1.1 1.06 1.49
8/09-8/16 2015 1.14 0.72 0.61 1.61
8/27-9/04 2015 1.25 0.86 0.63 1.9

Appendix 7a: Water us&() recorded byschizachyrum scoparium ‘Blazeuring each dry
down period. The weekly amount of water appt@eéach treatmemturing the 2014 and 2015
seasons is seelTo represents Kentucky Bluegrass evapotranspiration.
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DATE ET 100% ET 50% ET25%
7/20-7/26 2014 1.11 0.56 0.275
7/27-8/31 2014 0.525408 0.266765 0.123194

8/2-8/9 2014 1.068883 0.530688 0.251295
8/10-8/16 2014 0.856915 0.4142495 0.193662
8/29-9/4 2014 0.987113 0.348511 0.148621
9/14-9/20 2014 0.872094 0.325813 0.134584
9/21-9/25 2014 0.378823 0.151635 0.06292
7/11-7/17 2015 1.15 0.565 0.27
7/18-7/21 2015 0.42 0.195 0.0925
7/28-8/3 2015 1.05 0.55 0.265
8/09-8/16 2015 1.14 0.36 0.1525
8/27-9/04 2015 1.25 0.43 0.1575

Appendix 7b: Amount of aterapplied toeachtreatmenturing each dry down period.
Information extrapolated from Appendix 7a.
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Appendix 8: Moveable A-frame used in the mini lysimeter study.
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2014 Size Variables of Schizachyrium scoparium
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Appendix 9a: 2014 End of season height, width, and circumferer@ehfachyrium
scoparium There are no differences between treatmebifferent letters on bars denote
significant differences.

2015 Size Variables of Schizachyrium scoparium
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Appendix 9b: 2015 End of season height, width, @rmumference oSchizachyrium
scoparium There are no differences between treatmebifferent letters on bars denote
significant differences.
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Comparing 2014 and 2015 Circumference
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Appendix 9c: Comparin§chizachyriunscopariumcircumference 2014 to 2015. All three
treatments had aiger circumference in 201%n 2014, plants were still establishing in their
new environment after being transferred from the greenhouse. In 2015 it is likelyatitat pl
were established, and theredovere able to increase significantly in girtbifferent letters on
bars denote significant differences.

2014 Visual Rating Data of Schizachyrium scoparium
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Appendix 10a: 2014 Overall season floral impact, landscape impact, and overall habit of
Schizachyriunscoparium There are no differences between treatmeierent letters on
bars denote significant differences.
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2015 Visual Rating Data of Schizachyrium scoparium
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Appendix 10b: 2015 Overall season floral impact, landscape impact, and overall habit of
Schizachyriunscoparium There are no differences between treatmebi§erent letters on
bars dena significant differences.

Water Potential of Schizachyrium scoparium on Two Dates During
2014 Dry Down Periods
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Appendix 11a: [ferences between three treatments on two speddties during the third and
fourth dry down periods of 2014. This substantiates that as time passes in the growing season,
plants in the 25% are significantly more stressed during dro@jfferent letters on bars denote
significant differences.
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Water Potential of Schizachyrium scoparium on Two Dates During 2015
Dry Down Periods
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Appendix 11b: [Offerences between three treatments on two spedafies during the third and
fourth dry down periods of 2015. This substantidtes &s time passes in the growing season,
plants in the 25% are significantly more stressed during drojfferent letters on bars denote
significant differences.

Report Date: 06/09/2014
ITEM VALUE
pH 7.6
Electrical Conductivity 0.5 mmhos/cm
Lime Very High
Texture Estimate Sandy Clay Loam
Sodium Absorption Ratio 0.1
Organic Material 6.8%
Nitrate 6 ppm

Appendix 12a:Summarized sotlest of field soil from Colorado State University Soil, Water
and Plant Testing Laboratory.
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Report Date: 06/09/2014
ITEM VALUE
pH 7.5
Electrical Conductivity 0.5 mmhos/cm
Lime Very High
Texture Estimate Sandy Clay Loam
Sodium Absorption Ratio 0.1
Organic Material 7.0%
Nitrate 124 ppm
Phosphorus 621.3 ppm

Appendix 12b: Summarizedoil test of lysimeter soil from Colorado State University Soil,
Water and Plant Testing Laboratory. Lysimeter soil was taken from the field site
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