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Rising human populations and climate change are putting increasing demands on
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In response to these concerns,

homeowners and municipalities have been encouraged to replace turfgrass – a plant
with relatively high irrigation needs – with drought-tolerant plants that do not
require frequent irrigation.

However, the many benefits of turf-type grasses

(erosion control, surfaces for recreation, carbon sequestration, cooling-effects, etc.)
have proven it to be irreplaceable in certain settings. Because of these increasing
concerns associated with water-use in turfgrass management, the exploration for
alternative irrigation strategies and/or sources is necessary. This paper describes a
set of three field studies designed to investigate an alternative irrigation strategy
(optimized set-it-and-forget-it schedules), as well as two alternative irrigation
sources (harvested rainwater and greywater) for homeowners in the Willamette
Valley of Oregon.

Although these experiments take place in the cool-humid

Willamette Valley, implications from this study could affect turfgrass management
worldwide. Two years of summer irrigation schedules on perennial ryegrass blend

in Corvallis, OR, proved that the highest frequency of irrigation events (4
applications per week) provided the greatest turf quality, while also allowing the
irrigator to cut back on the intensity of irrigation from the recommended 2.54 cm
per week, to less than 2.2 cm per week. Harvested rainwater proved to be a viable
alternative irrigation source, with a range of options available depending on the
user’s budget (e.g. $3,083 for an 18,900-L aboveground cistern, or $12,775 for a
15,000-L subsurface-matrix ‘pond-less waterfall’ system).

Finally, greywater

proved to be a viable alternative irrigation source for perennial ryegrass, having
only decreased turf quality to unacceptable levels in the winter months, for which
irrigation is unnecessary.
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INTRODUCTION
Rising human population and climate change are putting increasing demands
on our already-limited freshwater resources (Tilman et al., 2001). While agriculture
accounts for approximately 85% of freshwater consumptive uses in the United
States, this is largely considered a necessary expenditure with regard to public
welfare and economic prosperity (Foley et al., 2005). Thus, much of the scrutiny
over consumptive water uses falls on the domestic sector, particularly when
considering it accounts for 57% of the total public supplied water (USEPA, 2005).
Further breakdown of the category of domestic water-use reveals that indoor use,
although substantial, remains relatively constant throughout the year and is not
likely to see a significant decrease without significant changes in societal behaviors
(Kjelgren et al., 2000). Outdoor water-use peaks during the summer months when
plants require supplemental water, however, water availability is also at its lowest
point during the summer months (Kjelgren et al., 2000). Therefore, much of the
onus is put on outdoor water users in urban areas to conserve water in times of
water scarcity.
In times of drought, outdoor water-use restrictions are most often imposed
in terms of the number of days per week for which watering is allowed (Kenney et
al., 2004).

This method, although effective, neglects to consider ideal irrigation

frequency for specific plants. Landscapes heavy in low-growing, shallow-rooting
groundcovers, such as turfgrass, require more frequent irrigation than landscapes
full of woody, deep-rooting plants; thus, plant-specific irrigation requirements
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should be considered when establishing guidelines for water-use restrictions
(Kjelgren et al., 2000).
Turfgrass – largely known to be a heavy water-user – is quite often a focal
point for water conservation efforts (Kopp and Jiang, 2013). In response to these
concerns, homeowners and municipalities have been encouraged, and in some
instances offered financial incentives, to replace turfgrass, a plant with relatively
high irrigation needs, with drought-tolerant alternatives (Research Report, 2009;
Schwabe et al., 2014). Because of these increasing concerns associated with wateruse in turfgrass management, the exploration of alternative irrigation sources and
practices is necessary.
While modern irrigation systems can be incredibly efficient, homeowners
and property managers often use them incorrectly – largely due to the inefficient
use of timers – and this can result in overwatering (Endter-Wada et al., 2008).
Timers are often unaltered following the installation of optimal-efficiency
sprinklers, resulting in little, if any, water savings, and those based on summer
irrigation requirements will inherently over-water in the spring and fall.
Irrigation uniformity and efficiency have been driving forces for research
since the beginning of turfgrass management, with completely uniform soil moisture
being the ultimate goal (Waddington et al., 1992). Non-uniform irrigation systems
result in portions of the lawn being over and under irrigated.

Consequently,

schedules are often adjusted to provide sufficient water to the least-irrigated areas,
resulting in significant over-irrigation elsewhere (Leinauer and Devitt, 2013).
Optimizing irrigation timings could go a long way toward conserving freshwater by
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marginally affecting water-use patterns on a large scale (Postel, 1992; Kjelgren et al.,
2000). Claims have been made that deep-and-infrequent irrigation practices will
deepen the root zone of turfgrass plants and improve drought tolerance (Aronson,
1987; Qian and Fry, 1996). However, the densest stands of grass are most often
found on golf courses where irrigation is applied daily. Region-specific field studies
should be conducted to identify proper irrigation techniques to promote acceptable
turfgrass quality during periods of drought, while using as little water as possible
(Aronson, 1987; Kopp and Jiang, 2013).
The scenario of restricted water-use has resulted in a pressing need for
turfgrass researchers to develop drought-tolerant cultivars and investigate optimal
irrigation practices for each climate zone (Baird et al., 2015). Ideally, turfgrass
managers would all be using scientific and quantifiable measurements (e.g.
volumetric water content of the soil) to indicate timing and depth requirements for
irrigation applications (Gaussoin et al., 1990). However, the cost and/or labor of
soil moisture sensing on the finite scales required for turfgrass management has
prohibited all but the most affluent turfgrass sites from utilizing this technology.
Rather than sampling soil moisture across a turfgrass site, a cheaper – yet still
effective – method to approximate plant water requirements is through modeling
evapotranspiration (ET) (Leinauer and Devitt, 2013). Although this has proven to
be an effective method, it is still not as accurate as soil moisture sensing
technologies, nor is it cheap enough for the average homeowner to implement.
Along with improving application efficiency of irrigation systems and wateruse efficiency of turfgrasses, an alternative method for water conservation is
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reuse/recycling of the water we have. Rainwater harvesting – in the form of landbased collection and storage – has been utilized as a means of dealing with climate
change since the beginning of civilization (Pandey et al., 2003). However, it wasn’t
until recently that people started implementing structures to store and irrigate with
harvested rainwater from rooftops for domestic use (White et al., 2007). Rainwater
harvesting is regulated at the state and county levels, with some communities also
providing incentives or deterrents for certain rainwater-harvesting practices
(Energy.gov).
Reclaimed wastewater has been used to irrigate turfgrass and has proven to
be effective in situations where transportation of the water is reasonable and soils
are capable (Skiles et al., 2010; Steppuhn, 2005). There are many examples of golf
courses that have been irrigating with reclaimed wastewater for decades, and these
facilities serve as excellent case studies for reference (Skiles and Qian, 2010).
Additionally, a large portion of residential wastewater (greywater) can be reclaimed
for direct use at the local level; however, concerns over its reliability with regard to
chemical composition have prevented the implementation of greywater use on a
national or global scale (Harivandi, 2000; “Water Reuse”, 2012). Alas, there is still a
need for well-documented research on the long-term effects of greywater irrigation
on turfgrasses, particularly in areas that are relatively new to water scarcity
(Roesner er al., 2006; National Research Council, 2012).
In areas where greywater is readily and legally available for irrigation
purposes, concerns still exist with regard to its high salt content compared to
potable and other freshwater sources (Harivandi, 2000). It is well documented that

5
saline soil conditions have detrimental effects to turfgrasses and other crops
(Steppuhn et al., 2005; Ayars and Schoneman, 2006). Turfgrass breeders,
particularly those in more arid regions of the world (i.e. warm-season zones), have
been working for decades to identify and breed salt-tolerant species of turfgrasses
to combat the issue of elevated salinity (Lee et al., 2005; Uddin et al., 2011). More
recently, though, as more and more areas of the world are experiencing issues
related to water scarcity and accompanying salinity issues, turfgrass breeders have
been working toward the same goal of producing salt-tolerant cool-season grasses
(Rose-Fricker and Wipff, 2001; Bonos et al., 2014).
These concerns related to outdoor water-use and conservation of freshwater
led to the following objectives, hypotheses, and approaches of this dissertation:

Objective 1: Conduct a literature review to investigate the issues associated with
potable water-use in landscapes, along with potential alternative
irrigation sources and strategies to help mitigate those problems

Objective 2: Determine minimal watering rates for a set-it-and-forget-it schedule
that will still provide acceptable turfgrass quality throughout the
summer months
Hypothesis: Shallow-rooting turfgrasses will perform better under light-andfrequent irrigation applications, as opposed to deep-and-infrequent
schedules – which have been proclaimed to conserve water and
produce more drought-tolerant lawns
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Approach:

Established a field experiment, where irrigation – ranging from
sufficient to insufficient – was applied to lawn-height perennial
ryegrass in the Willamette Valley of Oregon

Objective 3: Provide budget analysis and anecdotal information for improved
decision-making for homeowners seeking to install rainwaterharvesting systems
Hypothesis: Rainwater-harvesting systems are a viable alternative to using potable
water, and should be encouraged for homeowners and small-landscape
irrigators, particularly in cool-humid climates where supplemental
irrigation can be accomplished with relatively small volumes
Approach: Constructed two distinctly different rainwater-harvesting systems
from opposite ends of the technological spectrum

Objective 4: Evaluate perennial ryegrass cultivars and determine whether annual
precipitation in the region provides sufficient leaching for safe and
effective greywater irrigation
Hypothesis: Greywater is an abundant resource that could be utilized for turfgrass
management, especially in cool-humid climates (such as the Pacific
Northwest) where annual precipitation helps mitigate salinity issues
Approach:

Imposed greywater-irrigated soil conditions (simulating supplemental
and continuous disposal applications versus a potable control) on 11
lawn-height perennial ryegrass cultivars in Corvallis, Oregon
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CHAPTER 1
LITERATURE REVIEW
Freshwater Scenario
The majority of the earth is covered in water, with over 97% of that being
seawater, 2% existing as glaciers and ice caps, and only 0.77% being viable fresh
water (Postel et al., 1996). On top of this inherent scarcity, human activity is further
compounding the issue. Land-use patterns have changed dramatically over the last
century as humans have sprawled across the habitable portions of our planet.
Global population in the year 1800 was just under 1 billion, and grew by about 80%
over the subsequent century; yet, in the twentieth century, population jumped from
1.6 to 6.1 billion – nearly quadrupling over the same amount of time (Roser et al.
2017). Along with this extreme population increase during the twentieth century
came a simultaneous change in irrigated land from about 50 million hectares to over
267 million hectares (Gleick, 2000). The combination of exponential population
growth and agricultural expansion (along with changing standards of living) have
resulted in a nearly seven-fold increase in freshwater withdrawals since 1900
(Gelick, 2000).
One of the biggest impacts of twentieth century population increase and its
accompanying land-sprawl has been the degradation of our freshwater resources
(Foley et al., 2005). Water bodies with dangerously high levels of bacteria, salinity,
turbidity, and temperature have become common occurrence in today’s world
(McDonald et al., 2011; Tilman et al., 2001). In the 1990’s, unsafe levels of fecal
coliform bacterial counts led to the closing of estuaries in Southeastern North
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Carolina (Mallin et al., 2000). Australia has experienced decline and even loss of
aquatic fauna due to extreme temperature and salinity accumulation in their
waterways as a result of human water-consumption combined with extended
drought conditions (Bond et al., 2008). The Cuyahoga River in Ohio caught fire on
several occasions throughout the twentieth century industrial revolution due to
discharge of industrial wastes containing oil (Stradling and Stradling, 2008). We
now see extreme – and sometimes irreversible – eutrophication events in lakes and
reservoirs around the world, especially in environments with sandy soils that allow
for leaching of nutrients (Lewitus et al., 2008).
Consequently, wastewater treatment plants (WWTPs) are facing increasingly
difficult circumstances. Data compiled by the U.S. EPA Office of Water (2015)
indicate that small-to-medium sized WWTPs [< 10 million gallons per day (MGD)]
have been spending in excess of $10 million on projects to renovate their facilities
just to keep up with increasing treatment requirements for particular constituents,
including heavy metals and endocrine-disruptors. The same report documented
renovations of larger-scale WWTPs (> 10 MGD) that cost in excess of $1 billion. The
extreme cost and volume associated with water treatment are reasons why
alternative disposal methods need to be investigated (National Research Council,
2012).

Water Policy and Restrictions in Outdoor Use
The environmental movement in the late twentieth century caused a shift in
federal water policies; moving from the old, primarily economic perspective toward
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greater conservation and collaboration efforts with state and local governments
(Gleick, 2000; Reimer, 2013). Federal jurisdiction over water-use remains strong
through laws and programs like the Clean Water Act (CWA), Safe Drinking Water
Act (SDWA), National Pollutant Discharge Elimination System (NPDES), National
Environmental Policy Act, Endangered Species Act, Wild and Scenic Rivers Act,
Federal Power Act, and Water Resources Development Act (Reimer, 2013).
However, it is ultimately up to state and local governments to set their own laws and
regulations to meet federal standards, with the ability to exceed those standards for
even greater environmental protection and conservation (Reimer, 2013; EPA.gov,
2017).
While public water supplies are managed at the state and municipal level,
they are still mandated to follow the national policies set by NPDES and CWA (in
terms effluent water quality) and the SDWA (in terms of drinking water quality),
along with abiding by the directives of the other federal agencies like United States
Army Corps of Engineers and Bureau of Reclamation (Reimer, 2013).

This

fragmentation and overlap between lawmakers, policymakers, and managers of
water resources has caused turmoil and confusion within the industry, and
produced an era of collaborative efforts and increased public awareness toward
water quality and quantity (Gleick, 2000; Reimer, 2013). This collaboration and
awareness is extremely important because, while water quality parameters are set
by federal agencies, such as the EPA and its respective laws, water quantity
concerns are addressed at a more local level (Postel, 1992; Postel et al., 1996). Each
watershed faces its own unique set of issues that vary in terms of source (i.e.
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springs, snowpack, and/or reservoirs) and seasonal availability. State and local
agencies have to do whatever they can in order to provide a stable, secure water
source for the many ecological components and downstream residents that rely on a
shared water source.
In order to provide sufficient water for everyone in a watershed, sometimes
restrictions have to be imposed. In particular, outdoor water-use is often restricted
during periods of drought (Halich and Stephenson, 2009; Olmstead and Stavins,
2008; Kjelgren et al., 2000).

This includes public parks, golf courses, and

commercial and residential landscapes.

Some have argued that a price-point

approach – for which water-use is restricted via higher cost – is the most effective
and profitable way to reduce freshwater consumption, however, most bans are
based upon number of days for which watering is allowed (Kenney et al., 2004;
Olmstead and Stavins, 2008). A prime example of water-use restrictions is seen in
the State of Georgia, where the Environmental Protection Division of the
Department of Natural Resources sets water-use restrictions based on a drought
monitoring system with three levels of restrictions, with Level 1 being least severe
and Level 3 being the most severe (McCullers, 2017; State of Georgia, 2017).
Drought indicators and triggers include precipitation, stream flow, groundwater,
reservoir levels, soil moisture, short-term climate predictions, U.S. drought monitor,
and water supply conditions (State of Georgia, 2017). When drought is critical, the
Environmental Protection Division sets a series of water restrictions applicable to
outdoor irrigators in the affected area: Level 1 requires public water systems to
implement public education programs; Level 2 imposes an odd-even watering
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schedule, with odd-numbered addresses allowed to water only on Thursday and
Sunday, and even-numbered addresses allowed to water only on Wednesday and
Saturday; and Level 3 imposes a strict no-watering policy (State of Georgia, 2017).
Even when drought is not considered critical, automated outdoor irrigation is only
permitted between the hours of 4pm and 10am (State of Georgia, 2017). Violators
of water-use restrictions will first receive a written warning, with second-time
offenders fined $100, third-time offenders fined $250, and fourth-time and
subsequent offenders receiving $500 fine and potential service disconnection
(McCullers, 2017).

Reducing Turfgrass Acreage
Outdoor water-use restrictions have proven effective for maintaining
sufficient water availability for more important uses (i.e. sanitation and food
preparation), however, some state and local governments have gone beyond this
strategy and are attempting to combat the issue of water scarcity by reducing the
acreage of turfgrass (Schindler, 2014). Fender (2006) stated that there was an
estimated 50 million acres (roughly 200-thousand km2) of maintained turfgrass in
the United States. Not all of this turfgrass acreage is maintained at a high level, nor
is all of it irrigated heavily, however, with the exception of wet-humid regions, much
of it requires at least supplemental irrigation (Leinauer and Devitt, 2013). Milesi et
al. (2005) came to a similar conclusion, and suggested that although not all of this
area is irrigated, turfgrass still represents the largest irrigated crop in the U.S. –
approximately three times the area of irrigated corn. Due to the extreme climactic
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differences across the country, similarly extreme differences in irrigation practices
exist (Leinauer and Devitt, 2013). The vast land usage for turfgrass suggests its
irrigation practices have major implications for water consumption, and calls to
question its presence in amenity landscapes (Fender, 2006; Schindler, 2014).
Beard and Green (1994) showed the undeniable benefits of turfgrass in
landscapes. From erosion control and recreational playability, to social satisfaction
and increased property value, there’s no shortage of reasons why we see so many
acres of turfgrass in the States. Considering all the benefits of turfgrass, the practice
of reducing turfgrass acreage across the U.S. is a difficult task with plenty of
opposition. In order for state and local governments to accomplish their goal of
reducing water consumption through the reduction of turfgrass acreage, several
strategies have been considered and implemented (CA.gov, 2015; Schindler, 2014;
Seapy, 2015). These strategies include changing public perception of landscape
aesthetics, banning the installation of lawns for new homes, and providing financial
incentives for the removal of lawns and implementation of xeric landscapes
(Schindler, 2014).
States in the arid Southwest are among the most active in terms of turfgrass
removal policies – largely due to the severity of the recent drought conditions
plaguing the region (Olmstead and Stavins, 2008). In 2015, California Governor
Edmund G. Brown Jr. issued an Executive Order requiring cities and towns across
the state to implement conservation strategies in an effort to reduce water usage by
25% (CA.gov, 2015). This Order, amongst other things, mandated the removal of 50
million square feet of turfgrass (CA.gov, 2015). Water suppliers around the state
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have been providing rebates of $0.50 to $3.75 per square foot of turfgrass removed
and replaced with drought-tolerant, climate-appropriate, ‘California-friendly’ plants
(Seapy, 2015).
It is not only states in the arid Southwest that are calling for reduction of
turfgrass acreage in the name of water conservation. Even in Oregon – a state
known for its wealth of water resources – there are communities providing
turfgrass removal incentives (City of Ashland, 2017; Maddaus, 2013). For instance,
the city of Ashland, OR, is offering $1.25 per square foot of lawn removed up to
1,000 ft2, $1.00 for the second 1,000 ft2, and $0.75 beyond that for a maximum of
3,000 ft2 for residential properties and 5,000 ft2 for commercial properties (City of
Ashland, 2017). Additionally, in Southern Oregon, those served by the Medford
Water Commission are provided a onetime $10,000 tax rebate for replacing a
natural grass sports field with synthetic turf (Maddaus, 2013).

Irrigation Timers and Overwatering
In the United States, the average household uses more water outdoors than
for showering and clothes washing combined, accounting for nearly 9 billion gallons
of freshwater use every day (EPA.gov, 2017). While the reduction of turfgrass
acreage – mandatory and otherwise – has proven to be an effective method for
reducing this water consumption, it’s hard to say how much of this conservation is
due to the reduction in acreage versus the proper use and management of irrigation
systems (Olmstead and Stavins, 2008; Seapy, 2015). Other water conservation
programs have neglected the “cash for grass” policy, and instead focused solely on
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irrigation aspects, sometimes providing financial incentives for system upgrades or
free irrigation audits (Halich and Stephenson, 2009). These conservation strategies
have also been very successful, resulting in up to 22% reduction of water
consumption (Halich and Stephenson, 2009).
Much of the reason irrigation upgrades, water restrictions and education
efforts have worked so well is due to the fact that homeowners tend to over irrigate
(Endter-Wada et al., 2008; Hilaire et al., 2008; Kilgren et al., 2010; Kjelgren et al.,
2000).

Human-related changes to water management practices can result in

significant water savings with minimal effects on landscapes (Kjelgren et al., 2002;
Endter-Wada et al., 2008). Unfortunately, water conservation programs have often
consisted of experts simply telling managers how much water to use, quite often
lacking an understanding of the systems they’re working with, limitations of the
manager’s time and resources, and demands put on the systems and their managers
(Johnson et al., 2013). A study of 40 elementary schools in Utah found that the most
significant factor on water use was the type of system being used (Johnson et al.,
2013). It was found that schools with automated or time-clock-controlled irrigation
systems used 40 to 85% more water than schools with manual systems with quick
coupler attachments and impact sprinklers (Johnson et al., 2013). These findings
were interesting because one would assume automatic irrigation systems provide
more flexibility for the manager and higher efficiency of precise watering times,
however, the fact that the timings had to be monitored throughout the year was
considered a hassle, and the water savings these systems could potentially provide
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was not seen as significant compared to the time and effort of adjusting the system
(Johnson et al., 2013).
Similar to the case study in Utah, Endter-Wada and colleagues (2008)
observed that landscape managers guilty of over-watering lacked the perception of
their impact on increased water costs, whereas the landscape managers whom also
owned the property proved to be more sensitive to adjusting irrigation systems and
practices in an effort to conserve water. This brings to attention another significant
contributing factor; the education and understanding of the landscape manager in
terms of the importance of water conservation directly impacts the effectiveness of
conservation efforts (Johnson et al., 2013). The aforementioned case study in Utah
also incorporated four different education treatments: prescription treatment
(which provided managers with an irrigation schedule based on species, climate,
and soil conditions), educational treatment (which provided the same schedule as
the prescription treatment but also educated managers on the rationale behind the
water conservation strategy), directive treatment (which simply consisted of
managers being sent a letter from the school system telling them to save water), and
a control. It was observed that the directive and education treatments were both
significantly more effective when compared to the control and prescription
treatments (Johnson et al., 2013). The implications of this study point to the fact
that education is a key part of implementing these water conservation strategies
and promoting a culture of increased effort amongst landscape managers.
Optimizing irrigation timings could go a long way toward conserving freshwater by
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marginally affecting water-use patterns on a large scale (Postel, 1992; Kjelgren et al.,
2000).

Irrigation Efficiency, Uniformity, and Optimization
Efficiency and Uniformity
Aside from seasonal and timing adjustments to irrigation systems, another
major reason turfgrass managers are guilty of overwatering is due to inefficiencies
and non-uniformities in the systems themselves (Leinauer and Devitt, 2013).
Sprinklers have been the primary method for application of irrigation since the first
swiveling lawn sprinkler was first patented in 1894 by Joseph Smith (Connolly,
2001). While sprinkler irrigation has come a long way since then, the distribution
uniformity of these systems remains a major concern for today’s turf managers
(Duncan et al., 2009; Leinauer and Devitt, 2013). Non-uniform irrigation systems
result in portions of the lawn being over and under irrigated; consequently,
irrigation schedules are often adjusted to provide sufficient water to the leastirrigated areas, resulting in significant over-irrigation elsewhere (Duncan et al.,
2009; Hilaire et al., 2008; Leinauer and Devitt, 2013). This practice has been termed
“run time multiplier” and the goal (both for time/money savings, as well as water
conservation) is to have the lowest run time multiplier possible (Irrigation
Association, 2005). In order to provide a uniform distribution, sprinklers must be
properly positioned, clean of debris, and provided with sufficient pressure (Huck
and Zoldoske, 2008; Leinauer and Devitt, 2013).
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There is a difference, however, between irrigation uniformity and efficiency.
Uniformity relates to the consistency of applied water from location to location
within an irrigated area, while irrigation efficiency is a measure of how much water
the plants beneficially use compared to how much water the system applies
(Irrigation Association, 2005; Leinauer and Devitt, 2013).

This means that

uniformity is not the end of the story; it is ultimately the irrigation efficiency that
determines the effectiveness of irrigation applications, which must take into account
different soil textures, topographical features, quality of irrigation water, and
species (Leskys et al., 1999; Starr, 2005; Duffera et al., 2007; Sadler er al., 2007).
Fortunately, uniformity of soil moisture following irrigation applications actually
improves with time due to lateral flow and redistribution within the soil matrix
(Hart, 1972; Perrens, 1984; Li, 1998).

Optimization – Rates and Frequencies
Not only do irrigation systems need to be properly managed in terms of their
physical attributes (i.e. sprinkler head spacing, nozzle selection, pipe sizing, water
pressure), they must also be used at the proper time of day, for an appropriate
duration of time, and at the right frequency, in order to optimize irrigation efficiency
(Barrett et al., 2003; Choate, 1994; Leinauer and Devitt, 2013; Rochester, 1995).
Irrigation applications are most effective in the early morning hours, due to
decreased wind speeds and evaporation rates, as well as the fact that it provides
moisture for the plants to utilize immediately as the sun comes up and
photosynthesis begins (Trenholm, 2001). Lesser known, however, is the optimal
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duration and frequency of irrigation applications that will provide adequate soil
moisture for plant growth, while also conserving as much water as possible
(Leinauer and Devitt, 2013).

Duration and frequency of irrigation events is

determined by many factors, including species, climate, soil characteristics, quality
and cost of water, irrigation system design, and even management expectations
(Leinauer and Devitt, 2013).
In an ideal world, turfgrass managers would all adapt their irrigation depths
and frequencies seasonally as plant demand changes, however, this is quite often
not the case (Leinauer and Devitt, 2013). The Oregon-Washington Master Gardener
Handbook (2008) advises homeowners in the cool-humid Willamette Valley to
irrigate ‘an inch per week.’ This prescription is vague in terms of frequency of
applications, and evidence suggests that 2.54 cm (1 inch) applied weekly, might not
be the optimal rate for the region (Olsen, 2017). In order for a blanket-statement
like this to be able to provide adequate turf quality across the region for the entirety
of the summer months, it must also be an over-approximation for early and late
summer, for which soil moisture is more available and evaporation rates are less.
Individual irrigation applications should not exceed the infiltration rate, or else
runoff will occur (Leinauer and Devitt, 2013). Even if runoff is avoided, an inch of
irrigation may be pushing water beyond the effective root-zone of turfgrass plants.
There is an apparent need for research to investigate ideal irrigation frequencies
and intensities for each region and climate in order to improve recommendations
and optimize schedules for simple set-it-and-forget-it irrigation practices that are so
often used by homeowners.
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Weather and Soil-Moisture Influenced Controllers
Modern technology in the field of irrigation has made things significantly
easier, yet more complicated for turfgrass managers. Irrigation systems have long
been operated by electronic controllers, which manually turn on and off specific
valves and sprinkler heads when the manager deems necessary (Leinauer and
Devitt, 2013). However, the new and more optimized versions of these systems
have communication with soil-moisture sensors or weather stations to assist turf
managers in their ultimate goal of optimal irrigation efficiency (Huck and Zoldoske,
2008). Some irrigation controllers communicate with satellites, while others utilize
weather stations to estimate plant water requirements via simple calculation using
environmental demand (as measured by pan-evaporators or estimated using
historical climate data or other weather-based parameters), crop coefficient, and
leaching fraction (Devitt et al., 1992; Devitt et al., 2008; Leinauer and Devitt, 2013).
Additional adjustments are made on a system-to-system basis, considering
inefficiencies in irrigation uniformity, topography, soil type, plant type, rooting
depth, and other site-specific factors (Leinauer and Devitt, 2013).

Irrigation

controller technology is becoming more readily available to homeowners as climate
data and satellite technologies have expanded and improved, thus improving
accuracy of calculations and decreasing cost of equipment (Haley et al., 2007). The
water-saving capability of these smart controllers was demonstrated in a series of
14 studies conducted by the U.S. Department of the Interior – Bureau of Reclamation
(2008), which reported up to 80% reduction in irrigation water applied.
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Measuring soil moisture over time (via soil probes or tensiometers) can
improve irrigation efficiency and reduce water consumption (Duncan et al., 2009).
Unfortunately, these technologies are costly and require additional maintenance,
thus prohibiting their use in lower-maintenance landscapes (Leinauer and Devitt,
2013). Still, studies have shown significant water savings when integrating soilmoisture-based approaches to irrigation scheduling compared to automatic or panET scheduling (Snyder, 1984; Qualls et al., 2001; Youngner et al., 1981). Youngner
et al. (1981) found pan-ET controllers to apply twice the amount of water as
automatic tensiometer controllers throughout the year, with no significant
differences in turf quality. In another study, Snyder (1984) reported 42 to 95%
monthly water savings when using soil-based sensing as opposed to weather-based
sensing. These drastic differences have major implications for the potential waterand cost-saving capabilities of advanced irrigation controllers.

Rainwater Harvesting
While the majority of freshwater withdrawals come from surface and
groundwater, harvested rainwater is a potentially significant alternative freshwater
source that is gaining popularity around the world (Loper, 2015). Until recently,
most of the states in the Western U.S. followed the Prior Appropriation legal
doctrine, which disallowed harvesting and required rainfall to flow from rooftops
and join its rightful drainage (NCSL, 2017). Now, however, legislation has made it
possible for many residents (and sometimes commercial properties) to harvest
rainwater from their rooftops to provide an alternative source of water for lawns
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and, in some cases, plumbing and potable uses (NCSL, 2017). Rainwater harvesting
technologies fall under one of two distinct categories: land-based and roof-based.
Land-based rainwater harvesting systems utilize impermeable surfaces at the
ground level to divert water into retaining ponds, while roof-based systems capture
water from buildings before the water ever reaches the ground surface (White et al.,
2007). Rainwater harvesting is not regulated at the federal level, and state-level
restrictions can be broken down into six categories ranging from highly restricted to
highly encouraged (Table 1.1) (Loper, 2015).
California, Idaho, Illinois, Nevada, and Ohio are all state-regulated, often
requiring permits and/or site inspections to approve the use of rainwaterharvesting systems (Loper, 2015). Others have similar state-level regulations, but
with a certain level of encouragement. Oregon, for example, is regulated through
the state’s Water Resources Department, which allows counties to encourage or
provide incentives at their discretion, but specifies that only roof surfaces can be
used for collection (Loper, 2015; White et al., 2007).
Colorado is the only state currently listed under the ‘very limited’ category
for rainwater harvesting; only allowing residential properties of single house or
multi-family residences with four units or less to collect up to 110 gallons of rooftop
rainwater for outdoor use only.

The state will, however, allow residential

properties supplied by a residential well to collect an unlimited amount of rooftop
rainwater for indoor or outdoor uses. All other applications are not allowed under
Colorado State law (Loper, 2015).
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Texas is the only state listed under the ‘state regulations/incentives’
category, with sales tax exemption for rainwater harvesting equipment, as well as
other incentives at the county level.

Texas also requires the incorporation of

rainwater harvesting in the design of new state buildings (Loper, 2015).
With the standard practice of diverting rooftop rainwater to storm drains, a
significant amount of relatively clean water is sent to the stormwater system for
treatment that could otherwise be utilized. Cool-humid regions around the U.S.
receive an average annual precipitation of close to one meter (U.S. Climate Data
1981-2010). Considering some efficiency loss, it can safely be assumed that 75% of
the rain falling on the roof would be able to be collected – equating to 750 L of
rainwater-harvesting potential per square meter of roof surface (Energy.gov, 2015).
To put this into perspective, the amount of precipitation the City of Corvallis, OR
receives on average is 108.6 cm annually (U.S. Climate Data 1981-2010). Assuming
a relatively modest 100-m2 one-story residence, this would provide a rooftop
footprint of at least the same area. By multiplying 100 m2 of rooftop collection area,
by 0.1086 m of precipitation, with an efficiency of 0.75, it can safely be assumed that
this residence has a rainwater-harvesting potential of 8.15 m3, or 8150 L. Assuming
a per capita water use of 350 L per day, that’s enough water to provide all the
domestic (indoor and outdoor) needs for a single person for 23 days (USGS, 2016).
While there are many obstacles to utilizing rainwater for all indoor needs, putting
that water to use for lawn irrigation is much more realistic. Assuming that same
residence has a 100-m2 lawn with an irrigation requirement of 0.36 cm per day,
rainwater harvesting alone could irrigate the lawn for 32 days.
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Recycled/Reclaimed Wastewater (Greywater and Municipal Effluent)
History
Somewhere between potable (i.e. clean water) and potentially toxic (i.e.
blackwater), ‘greywater’ (also spelled graywater) exists in a literal grey-area on the
spectrum of water quality (as well as within the legal realm). The term came about
in 1989 when Santa Barbara, CA, became the first district in the US to legalize the
use of reclaimed residential wastewater (Ludwig, 2009). In the simplest definition,
greywater is residential and commercial wastewater not generated from toilet
flushing (Roesner et al., 2006). However, as the term became more popular among
urban communities in the United States, the meaning has somewhat shifted to mean,
more specifically, ‘the wastewater produced in a home/facility, including streams
from showering, bathing, hand washing, and clothes washing, while excluding
wastewater streams from toilets, kitchen sinks, and dishwashers’ (Roesner et al.,
2006). Since its introduction in 1989, the use of residential greywater has become a
highly debated and controversial practice (Alexander and Clark, 2016). Although
legislation may be complicating the issue, the fact of the matter is that potable water
is becoming increasingly scarce and expensive, and greywater is a significant
resource that should be considered for irrigation purposes of non-crop plants
(Harivandi, 2000; Hilaire et al., 2008).
Although the semi-legalization of greywater for applications at the
residential level is relatively new, municipal wastewater treatment facilities have
been working for decades with local golf courses and other heavy water-users to
conserve potable water by providing an alternative irrigation source of a lesser
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quality than drinking water (Hayes, 1988; Qian and Mecham, 2006). Reclaimed
wastewater of this type has come to be known as ‘effluent’ (Hayes, 1988; Harivandi,
2000). Unfortunately, the name ‘effluent’ has also caused some ambiguity in the
realm of wastewaters, as the word ‘effluent’, in the simplest sense, is defined as
‘something that flows out’ or ‘waste material (such as smoke, liquid industrial
refuse, or sewage) discharged into the environment especially when serving as a
pollutant’ (Merriam-Webster Dictionary).

This broader definition of the term

includes many flows unsuitable for irrigation purposes, including raw sewage.
Regardless of what it’s called, as we continue to find and utilize sources of
reclaimable wastewater and treated effluent, care should be taken to ensure the
quality of any irrigation source before it is applied to landscapes (Hayes, 1988;
Harivandi, 2000; Qian and Mecham, 2005; Marcum, 2006; Roesner et al., 2006).

Restrictions and Regulations
Concerns exist in the minds of irrigators and policymakers alike over the
chemical composition of these non-potable water resources (Hayes, 1988;
Harivandi, 2000).

Ultimately, the use of reclaimed municipal wastewater or

greywater is not only up to the producers and end-users; its regulation is at the
discretion of federal, state, as well as local authorities (Roesner et al., 2006). The
EPA (through the CWA and NPDES) mandates the treatment of effluent to particular
standards with regard to 5-day biochemical oxygen demand (BOD5), nutrient
loading, temperature, total suspended solids (TSS) removal, and pH (EPA.gov,
2017). These standards are not universal, however, and must take into account
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total maximum daily load (TMDL) of the receiving waterway(s), technology-based
limitations of the treatment facility, water-quality based limitations considering the
influent, and other site-specific factors (EPA.gov, 2017).
In the State of Oregon, recycled water has been utilized for several decades
(WateReuse, 2017). Greywater and recycled wastewater use is regulated through
the Department of Environmental Quality via permits, with the cooperation of
Oregon Department of Human Services and the Oregon Water Resources
Department (Doughten, 2011; WateReuse, 2017). With the proper plumbing permit
from a local building department, homeowners and small businesses can utilize
greywater for toilet and urinal flushing (Doughten, 2011). Additionally, DEQ offers
Water Pollution Control Facility (WCPF) greywater use and disposal system permits
for up to 1,200 gallons (4.54 m3) of outdoor use per day (Doughten, 2011). Using
the Oregon State University Master Gardener turfgrass irrigation recommendation
for the Willamette Valley of 2.5 cm per week (0.36 cm per day), this would be
enough water to manage a 1,250-m2 lawn.

Cost and Availability
Logically, reclaimed/effluent wastewater is often cheaper than potable water
due to its lesser quality. Lindow and Newby (1998) reported the cost of reclaimed
water in California to be between 53 and 100% of the cost of potable water. Survey
results from 13 golf courses in the southwestern United States showed 15 to 20%
lower cost of water from recycled sources (Gross, 2012). However, these courses
also had to use 10 to 20% more water for leaching of soluble salts, thus negating the
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lower cost (Gross, 2012). Additional costs, including direct pipelines, accelerated
wear on pumps and valves, repair of clogged irrigation heads, more frequent water
and soil sampling, extra soil amendments, improved drainage, sod or seed for
damaged areas, as well as regulatory compliance checks, all negatively affect the
cost/benefit ratio of greywater versus potable irrigation (Gross, 2012; National
Research Council, 2012). Fortunately, policymakers are providing incentives for
recycled-water users to go along with the obvious benefits of improved
environmental stewardship and public perception. Incentives include grants and
loans for investment in infrastructure, sales and use tax exemptions for treatment
and conveyance equipment, regulatory relief from potable water conservation
efforts, and continuing efforts to keep potable water prices higher than those of
recycled water (Baker and McKenzie, 2008).
Another key benefit of reclaimed-water use is that in drought situations
where consumption of freshwater is limited, reclaimed wastewater use is only
limited by its production (National Research Council, 2012). This comes as no
surprise, because greywater use is actually just an alternative disposal method for
non-potable waters (Skiles and Qian, 2010). Fortunately for the turfgrass industry,
a healthy stand of grass is one of nature’s best bio-filters (Beard and Green, 1994;
Devitt et al., 2013; Qian and Mecham, 2005; Sevostianova and Bernd, 2014). With
an average daily production of 9.7 MGD (36,718 m3 day-1), the Corvallis WWTP
provides enough water to irrigate over 1,000 hectares of turfgrass (Fixed Film
Forum, 2012; Oregon-Washington Master Gardener Handbook, 2008).
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Similar, yet smaller-scale costs and concerns regarding greywater-use are
experienced by homeowners. For a single-family residence, the cost to implement a
simple drain-field greywater irrigation system ranges from roughly $2,000 for
retrofits, to $5,000 for new installations (Geraci, 2012).

Additionally, on-site

treatment systems required for meeting aboveground irrigation standards cost
between $6,000 and $13,000 (Yu et al., 2015).

However, with greywater

representing roughly 50% of residentially produced wastewater, onsite reuse could
reduce potable water demand by 30 to 50% (Roesner et al., 2006). Thus, initial
investments would be recovered in a reasonable amount of time via reduced water
bills.

Current State of Research
Researchers in arid regions, where freshwater is limited and warm-season
grasses dominate, have explored greywater as an alternative irrigation source
(Karpiscak, 1990; Pessarakli and Kopec 2008; Pessarakli et al., 2005). However, in
arid environments, greywater has a tendency to increase soil nutrients (particularly
salts) to toxic levels (Pessarakli and Kopec, 2005; Steppuhn, 2005). In response to
this, turfgrass breeders have been working to identify salt-tolerant warm-season
turfgrasses to further improve nutrient toxicity limits by developing resistant
cultivars (Baird et al., 2015; Bonos et al., 2014; Koch et al., 2014; Koch et al., 2015;
Rose-Fricker and Wipff, 2001).
In the cool-humid regions of North America, cool-season turfgrasses are
dominant and seasonal rainfall is significant. If reclaimed wastewaters were utilized
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in cool-humid regions during the limited periods of heat stress, the high rainfall
totals would help to mitigate nutrient toxicity issues. The use of salt-tolerant
cultivars, combined with high precipitation rates in cool-humid regions, may
altogether alleviate the symptoms associated with greywater irrigation (Johnson
and Bushman, 2015).

Turfgrass (Salinity Tolerance)
Background
The benefits of turfgrasses have been widely documented: they provide
excellent erosion control and an ideal surface for recreation, improve both rate and
quality of groundwater recharge, produce oxygen and sequester carbon, mediate
temperature in urban areas, and offer aesthetic beauty for everyone to enjoy (Baird
and Green, 1994). With all these benefits, it’s not hard to see why turfgrass is one of
the largest land-users in the world; Milesi et al. (2005) estimated that there was
164,000 km2 of cultivated turfgrass in the United States alone, accounting for three
times the acreage of any other irrigated crop. However, with this much land being
used – and much of it requiring irrigation – the turfgrass industry has experienced a
lot of scrutiny over its water use (Milesi et al., 2005; Hilaire et al., 2008). For these
reasons and more, the use of alternative irrigation sources is highly encouraged.

Warm-Season Grasses
Warm-season grasses are adapted to grow most efficiently in temperatures
from 27 to 35 °C (Bertrand et al., 2013). Due to the fact that warm-season grasses
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grow in areas of inherent water-shortage, a lot of research has gone into
determining salinity tolerances and proper management techniques to deal with
high salt content (Carro et al., 2000; Lee et al., 2005; Pessarakli and Kopec, 2005).
Fortunately, some of the most popular warm-season grasses, including Cynodon
dactylon (Bermudagrass), Paspalum vaginitum (seashore paspalum), Stenotaphrum
secundatum (St. Augustinegrass), and Zoysia matrella (fine-leaf zoysiagrasses) are
also among the most salt-tolerant species, with the ability to tolerate soil salinity
levels above 10 dSm-1 (Shannon, 1997; Dudeck et al., 1983; Duncan, 2003; Dudeck et
al., 1993; Marcum et al., 1998; Marcum et al., 1998; Harivandi et al., 2008). This
gives hope to turfgrass managers in arid environments, as the concern has
somewhat shifted away from discovering salt-tolerant varieties, and has moved
toward improving existing cultivars while managing soils for the accumulation of
salts (Carro et al., 2000; Devitt et al., 2013).

Cool-Season Grasses
Cool-season grasses are adapted to grow in areas where temperatures are
moderate-to-cool (18 to 24 °C) and often have the potential to dip below freezing
during the coldest parts of the year (Bertrand et al., 2013). When irrigating with
fresh water, saline soil conditions are much less likely to occur in the cool-season
zone, so the extent of salinity-tolerance is less critical. Unfortunately, this is the
same reason why very few cool-season grasses have been developed for highly
saline soil conditions or areas irrigated with water high in nutrient levels, i.e. grey
water (Bonos et al., 2014). There is a lot of room for improvement for salinity-
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tolerance in cool-season grasses, and early indicators are positive that cultivar
improvement is highly possible for key varieties of bentgrasses, fescues,
bluegrasses, and ryegrasses (Shannon, 1997).

Bentgrass
Agrostis capillaris (common/colonial bentgrass) and Agrostis stolinifera (creeping
bentgrass) are among the most widely seen grass species on cool-season golf
courses due to their low mowing height (less than one inch), and ability to spread
laterally via stolons (and rhizomes for colonial). While colonial bentgrass is known
to be highly sensitive to elevated levels of salinity, creeping bentgrass has the
greatest natural salinity tolerance of all the cool-season grasses (Harivandi, 2000).
However, with creeping bentgrass really only being desired for tightly-mowed, highmaintenance areas (i.e. golf course putting greens and tees), the market for salttolerant bentgrass varieties is somewhat limited, yet, also where a large portion of
recycled water will be used (Bonos and Huff, 2013).

Most bentgrasses are

moderately sensitive to salinity (3 to 6 dSm-1), but several cultivars, including
‘Mariner,’ ‘Seaside,’ ‘Seaside II,’ and ‘Grand Prix,’ have been found to be moderately
tolerant (6 to 10 dSm-1) (Harivandi et al., 2008; Bonos and Huff, 2013).

Tall Fescue
The most salinity-tolerant of all the fescues and second most tolerant of the
cool-season grasses, Fescuta arundinaceae (tall fescue) is known for its extensive
root zones that give it the ability to reach water stores at depths that very few other

31
turfgrasses can access. This is the main reason behind its perceived sustainability in
low-maintenance sites. Tall fescue also has the ability to accumulate metals and
salts at a significant rate, which makes it an excellent option for remediation sites, as
it can help prevent contaminants from leaching into the groundwater. However,
with its coarse texture and high mowing heights, tall fescue is often undesirable for
home lawns and recreational surfaces. Tall fescues, on average, are moderately salt
tolerant (6 to 10 dSm-1) (Harivandi et al., 2008; Horst and Beadle, 1984).

Fine Fescue
Fine-leaf fescues are gaining popularity in the residential setting for their soft
feel and relative sustainability due to low fertility and irrigation requirements. Dr.
Ali Harivandi (2012) published a study that observed turf quality of various fineleaf
fescues over a three-year period, and showed that an overwhelming majority of the
turfgrass entries produced acceptable turf quality when mowed, and even more so
in the non-mowed plots. Besides a couple instances of Chewings fescue performing
quite well, it was the Festuca rubra (strong creeping red fescue) that consistently
outperformed the rest, with hard fescues and Sheep Fescue being borderline
unacceptable. Harivandi et al. (2008) ranked hard fescue as sensitive (<3 dSm-1),
and slender creeping, red, and Chewings fescues as moderately sensitive (3 to 6
dSm-1). These results don’t necessarily bode well for turfgrass managers seeking to
use fine fescues in their seed mixes or in low-traffic areas.

32
Bluegrass
Poa pratensis (Kentucky Bluegrass), Poa annua (Annual Bluegrass), and Poa
trivialis (Rough Bluegrass) are all known to be highly sensitive to salinity (<3 dSm-1)
(Harivandi et al., 2008; Rose-Fricker and Wipff, 2001). This is unfortunate for the
turfgrass industry; Kentucky bluegrass is used extensively in sports fields and golf
courses in the Northern United States due to its dark color and rhizomatous growth
habit, and annual bluegrass is one of the major players in putting green composition
along the West Coast due to its ability to seed at less than 0.100” mowing heights.
Michael Shannon’s synthesis paper (1997) discussed several Kentucky bluegrass
cultivars, some of which proved to have higher salinity tolerance than others,
further indicating the likelihood of improved cultivars in the future.

The

investigation of salt-tolerant Poa annua biotypes has showed that the extreme
biodiversity of this species holds true to its salinity tolerance as well (Dai et al.,
2008).

Perennial Ryegrass
Lolium perenne (perennial ryegrass), one of the most widely-used grass
species on the planet, is a cool-season turfgrass known for its dark green color, high
germination rates, and relatively good wear-tolerance (Casler, 2003).

The

combination of these characteristics make it ideal for high-budget areas seeking the
‘perfect lawn’ consisting of a dark, uniform surface with defined mower stripes.
While this scenario is technically feasible with proper cultural practices and
selective herbicide use, the dark color of perennial ryegrass can exaggerate the
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mottling effect caused by infestation of other, lighter turfgrasses. This is particularly
the case in the coastal northwestern United States where annual bluegrass – a
winter annual – is dominant for more than six months of each year (US Climate Data,
1981-2010).

Regardless of this complication to the management of perennial

ryegrass, its market is the greatest of all cool-season grasses, as it is used
extensively in sports fields of all climate regions. Perennial ryegrass ranks as one of
the most tolerant of the cool-season grasses (6 to 10 dSm-1) (Harivandi et al., 2008).
Breeding for increased salinity tolerance amongst perennial ryegrass cultivars has
been, and continues to be, a major emphasis in the turfgrass industry (Rose-Fricker
and Wipff, 2001; Bonos and Huff, 2013).
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Tables
Table 1.1 Six categories of United States rainwater-harvesting regulations (Loper,
2015).

Not Illegal /

No

Very

State

Regulations

Regulations

(Encouraged)

(Incentives)
Texas

No

Regulations

Restrictions

(Encouraged)

Alaska

Alabama

California

Arizona

Arkansas

Connecticut

Idaho

Georgia

Florida

Delaware

Illinois

Hawaii

Indiana

Maryland

Nevada

Oklahoma

Iowa

Massachusetts

Ohio

Oregon

Kansas

Minnesota

New Mexico

Kentucky

Montana

North Carolina

Louisiana

New

Utah
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Virginia

Michigan

New York

Washington

Mississippi

Pennsylvania
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Rhode Island

Nebraska

South

New Jersey

Carolina

North Dakota

Vermont

South Dakota

West Virginia

Limited

Colorado

State
State

Tennessee
Wisconsin
Wyoming

Regulations
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CHAPTER 2
OPTIMIZING IRRIGATION RATES AND FREQUENCIES FOR THE WILLAMETTE
VALLEY
Abstract:
Freshwater is a limiting resource, and its availability is increasingly a
concern. Outdoor water-use accounts for a large portion of domestic freshwater
consumption, and landscape (lawn) watering is a major contributor. In times of
drought, water-use restrictions are often focused on landscape water-use, and
implemented in terms of number of days per week for which watering is allowed.
Low-growing, shallow-rooting plants, such as turfgrasses, seem to be better adapted
to light-and-frequent irrigation applications, although public perception has been
that deep-and-infrequent applications are beneficial for drought tolerance and
water conservation efforts. The Oregon-Washington Master Gardener Handbook
(2008) recommends irrigating lawns an inch per week. This is often interpreted to
mean that an inch of water should be applied once every week. This study applied
irrigation – ranging from insufficient to sufficient based on the Master Gardener
recommendation (5.1 to 10.1 cm per month; or 0.5 to 1.0 inch per week) – at five
frequencies (2, 4, 8, and 16 applications per month) to lawn-height (5.1 cm)
perennial ryegrass (Lolium perenne) in the Willamette Valley of Oregon, in an effort
to determine minimal watering rates that will still provide acceptable turfgrass
quality throughout the summer months. A two-year field trial was initiated in July
2016 and concluded in September 2017 on native soil at the Oak Creek Center for
Urban Horticulture, Corvallis, OR. Experimental design was a 2 by 4 by 5 factorial in
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a randomized complete block design with four replications. Factors included year,
irrigation intensity, and irrigation frequency. Irrigation was applied as the schedule
prescribed from July through September of 2016, and again from July to September
of 2017. In both years, it was found that greater irrigation frequency produced
consistently greater turf quality, with 16 applications mo-1 quite often
outperforming the rest. It was also found that irrigation intensity of 10.1 cm mo-1
(an inch per week) provided the greatest turf quality; however, the 7.6 cm and 8.9
cm mo-1 intensities provided statistically similar results for most of the treatment
period. New recommendations for the Willamette Valley should incorporate higher
frequency of applications, along with the caveat that the ‘inch per week’
recommendation is sufficient for peak water demand, but schedules could (and
should) be reduced in the early and late summer when ET rates are less.

Introduction:
In times of drought, outdoor water-use restrictions are most often focused on
landscape water use, and implemented in terms of the number of days per week for
which watering is allowed (Kennedy et al., 2004). This method, although effective
at reducing water use, neglects to consider ideal irrigation frequency for
maintaining the health of specific plant species. Landscapes heavy in low-growing,
shallow-rooting groundcovers, such as turfgrass, require more frequent irrigation
than landscapes full of woody, deep-rooting plants; thus, plant-specific irrigation
requirements should be considered when establishing guidelines for water-use
restrictions (Kjelgren et al., 2000).
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While modern irrigation systems can be incredibly efficient, there still exist
many homeowners and property managers with advanced systems whom are guilty
of over-irrigating, largely due to the inefficient use of timers (Endter-Wada et al.,
2008). Timers are often unaltered following the installation of optimal-efficiency
sprinklers, resulting in little, if any, water savings, and those based on summer
irrigation requirements will inherently over-water in the spring and fall.
Claims have been made that deep-and-infrequent irrigation practices will
deepen the root zone of turfgrass plants and improve drought tolerance (Aronson,
1987; Qian and Fry, 1996). However, the densest stands of grass are most often
found on golf courses where irrigation is applied daily. Region-specific field studies
should be conducted to identify proper irrigation techniques to promote acceptable
turfgrass quality during periods of drought, while using as little water as possible
(Aronson, 1987; Kopp and Jiang, 2013).
This The goal of this study was to identify the optimal irrigation rate and
frequency for perennial ryegrass management in the Willamette Valley. Irrigation
schedules – ranging from half an inch to an inch of water per week – were applied at
a range of frequencies to a lawn-height perennial ryegrass blend in Corvallis,
Oregon.

The goal was to determine minimal watering rates that still provide

acceptable turfgrass quality throughout the dry summer months experienced in the
cool-humid Willamette Valley.
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Methods and Materials:
Experimental Area Construction
A field study was conducted at Oregon State University’s Oak Creek Center
for Urban Horticulture in Corvallis, OR (44.560451°, -123.288200°) from September
1st, 2015 to September 1st, 2017. The climate in this area is classified as cool-humid,
with an average annual precipitation of 42.7 inches that falls almost exclusively
between the end of September and sometime in June (U.S. Climate Data, 19812010). Prior to initiation of the experiment, the area was a wet meadow of Bashaw
clay (USGS Web Soil Survey). Prior to seeding, the area was treated with two
applications of glyphosate at 11.7 L ha-1 (irrigated for 3 weeks between
applications) on September 1st and September 22nd, 2015.

After herbicide

treatments, dead organic material was removed via intensive mowing and
dethatching. After the area was renovated, a blend of ‘Clubhouse Mix’ (Columbia
Seeds), ‘Replay’ (Jacklin Seed), and ‘Wicked’ (Pickseed) perennial ryegrasses was
seeded at a rate of 488 kg ha-1, and fertilizer, with a 25-3-10 (Wil-Gro 5 Iron, WilburEllis Company, Aurora, CO), was applied at a rate of 100 kg-N ha-1 on September
29th, 2015. On April 28th, 2017 the experimental area was scalped, dethatched,
inter-seeded with the perennial ryegrass blend and fertilized with 25-3-10 using the
procedures and rates previously defined.

Experimental Design
Experimental design was a 2 by 4 by 5 factorial in a randomized complete
block design with four replications. Individual plots were 2.3 m2 and the total
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experimental area was 186 m2. Factors included year (2016 and 2017), frequency
of irrigation events (2, 4, 8, and 16 applications per month), and intensity of the
irrigation schedule (5.1, 6.4, 7.6, 8.9, and 10.2 centimeters per month) to model
deep-and-infrequent versus light-and-frequent irrigation applications (Table 2.1).
Irrigation applications were made from July 5th, 2016 to October 5th, 2016
and again from July 4th, 2017 to August 26th, 2017. Treatments began in 2016 when
plots reached near-uniformity and no more rain was predicted; the second year
repeated that timing, but ended early due to green-up in September. Overhead
irrigation was applied to individual plots using four Rain Bird 1800 series pop-up
spray heads (Rain Bird Corporation, Azusa, CA) with U-150 nozzles arranged in 1.52
m x 1.52 m square spacing with 90° nozzles pointed inward. Heads were operated
at 5.2 kPa and any overspray was contained using 1.53 m x 1.53 m x 1 m PVC (3/4”
sch. 40) structure surrounded in plastic tarp. Irrigation rate was calibrated via cantest to be 76 mm h-1, which was then used to convert irrigation schedules from
depth values to run-times.

Turfgrass Maintenance
The turfgrass was mowed as needed at a mowing height of 50 mm with
clippings returned. Nitrogen was applied at an annual rate of 195 kg-N ha-1 per year
applied as an organic fertilizer 5-3-0 (Milorganite, Milwaukee, WI).

Uniform

overhead irrigation was applied as needed during establishment and leading up to
the July start date of each trial year. Selective herbicides were used in the nonsummer seasons to keep the stand predominantly perennial ryegrass: Prograss SC
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(42% ethofumesate) was applied at 1.5 oz. M-1 on October 22nd, November 11th, and
December 10th of 2016, as well as January 23rd and March 29th of 2017. TZone SE
(7.72% Triclopyr BEE, butoxyethyl ester, 0.66% Sulfentrazone, 29.32% 2,4-D, 2ethylhexyl ester, and 2.22% Dicamba acid) was applied at 1.5 oz. M-1 on June 2nd and
July 2nd of 2017.

Response Variables
Response variables included visual turfgrass color and density, soil
volumetric water content (3.8 cm depth), and percent green cover. Data was
collected every two weeks, coinciding with the longest irrigation interval from July
5th, 2016 to October 5th, 2016 and again from July 4th, 2017 to August 26th, 2017.
Turfgrass color and density ratings were assigned using the National
Turfgrass Evaluation Program (NTEP) rating system (Morris and Shearman, 2015)
every two weeks. Turfgrass color ratings were 1-9 with a 1 rating given to strawbrown turf and 9 given to dark green turf. Turfgrass density ratings were 1-9 with 9
equaling maximum density.
Soil moisture was collected using the FieldScout TDR 300 Soil Moisture
Probe (Spectrum Technologies, Inc., Aurora, IL) with 3.8 cm probes.

Three

subsamples were taken from each plot and averaged to define soil moisture.
Percent green cover was determined by collecting digital images using a Sony
DSC-H9 Camera (Sony, Tokyo, Japan) attached to a 50.8 cm wide by 61 cm long
(total area 0.31 m2) light box with four 40-Watt spring bulb lamps (TPC, Lighthouse
Supply, Bristol, VA). The collected images were then analyzed using Sigma Scan
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(v.5.0, SPSS, Inc. Chicago, IL) in order to determine percent green cover (Richardson
et al., 2001). The threshold for the digital photo analysis was set to Hue 40-255 and
Saturation 0-100.

Statistical Analysis
Data were subjected to analysis of variance using SAS 9.2 Proc Mixed (SAS
Institute Inc., Cary, N.C.). Factors within this analysis included year, week, block,
frequency, and intensity. Normality of the residuals and homogeneity of variances
were analyzed visually. Data appeared to satisfy assumptions for ANOVA, with the
possible exception of percent green response, in which variability was clumped
(mostly at the initiation of research) near the upper boundary (100%); however,
transformations didn’t seem to improve the data.

Repeated measures were

explored, and based on Akaike information criterion and error messages (Hessian
not positive definite or infinite likelihood), the optimum model was selected. When
main effects and interactions were significant, Fisher’s Protected Least Significant
Difference (LSD) was used to separate individual means at a 0.05 level of
probability. Initial analysis of variance observed significant differences between
years, and interaction between year and the remaining factors (date, frequency, and
intensity) were significant; therefore, the data were analyzed and presented by year
separately.
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Results
Visual Turfgrass Color
In both years, the intensity and frequency of irrigation, as well as time of
year, all significantly affected visual turf color ratings. The factors also interacted
with each other, but interactions varied across years.
In year one, intensity was significant by itself, and frequency interacted with
time of year (Table 2.2). The 7.6, 8.9, and 10.1 cm mo-1 intensities produced
greatest average turf color across the year, and 5.1 cm mo-1 produced the lowest
(Table 2.3). With regard to the frequency by date interaction, separation manifested
August 1st, 2016, with the highest frequency (16 applications mo-1) producing
greatest turf color, and the lowest frequency (2 applications mo-1) producing the
lowest turf color (Figure 2.1). From August 29th to October 5th (the end of the data
collection period) the 8 and 16 applications per month treatments provided the
greatest turf color, while 2 and 4 applications per month resulted in unacceptable
turf color.
In year two, a significant three-way interaction was observed (Table 2.2). A
plot of this interaction reveals that higher frequency of irrigation applications
consistently produced greatest turf color, regardless of intensity of irrigation
(Figure 2.2).

Visual Turfgrass Density
In both years, the frequency of irrigation and time of year significantly
affected visual turf density ratings. The main effect of intensity of irrigation was
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only found to be significant in the second year. The factors also interacted with each
other, but interactions varied across years.
In year one, intensity by week and frequency by week interactions were
found to be significant. The intensity by week interaction revealed significant
differences to be between 10.1 cm mo-1 and 5.1 cm mo-1 from August 29th to October
5th, 2016 at the end of the trial year (Figure 2.3). The 7.6 cm mo-1 and 8.9 cm mo-1
intensities were also significantly greater than 5.1 cm mo-1 on September 12th, 2016.
With regard to the frequency by week interaction, separation between treatments
manifested August 8th, 2016, and continued throughout the remainder the of data
collection period (Figure 2.4). From September 6th, 2016 to the conclusion of the
study (October 5th, 2016), the 16 and 8 application mo-1 frequencies resulted in the
greatest turf density, while the 4 and 2 applications mo-1 produced the lowest turf
quality (Figure 2.4).

The highest frequency (16 applications mo-1) produced

significantly greater visual turf density than any other treatment from August 29th,
2016 to the conclusion of the study (October 5th, 2016).
In the second year of the study, a significant three-way interaction in
frequency by intensity by week on visual turf density was observed (Table 2.2). In
2017, the highest irrigation frequency (16 applications mo-1) most often provided
the greatest turf density, regardless of the irrigation rate, while the lowest irrigation
frequency (2 applications mo-1), regardless of the irrigation rate, most often
produced the lowest turf density (Figure 2.5).

Percent Green Cover
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In both years, the frequency of irrigation and time of year significantly
affected percent green cover. The main effect of intensity of irrigation was only
found to be significant in the second year. The factors also interacted with each
other, but interactions varied across years.
In year one, significant interactions in intensity by week, and frequency by
week on percent green cover were observed (Table 2.2). On August 29th, 2016,
intensity by week interaction revealed a difference between the highest intensity
(10.1 cm mo-1), which produced the greatest green cover (81.1%), and the lowest
two intensities (5.1 and 6.4 cm mo-1), which produced lowest turf cover (70.1 and
71.9%, respectively) (Figure 2.6). With regard to the frequency by week interaction,
separations were observed on the 1st and 29th of August, 2016 (Figure 2.7). On
August 29th, 2017, when the lowest percent green cover was observed in the study,
the highest frequency (16 mo-1) provided highest percent green cover (90.3%),
followed by the 8 mo-1 and 4 mo-1 frequencies (78.8 and 73.6%, respectively), and
finally the lowest frequency (2 mo-1), which had the lowest green cover (59.3%).
In the second year of the study, a significant three-way interaction in
frequency by intensity by week on percent green cover was observed (Table 2.2).
Similar to the turf density result, the highest frequency (16 applications mo-1),
regardless of the irrigation intensity, regularly produced the greatest green cover,
while the lowest frequency (2 applications mo-1) regularly produced the lowest
green cover, regardless of irrigation intensity (Figure 2.8).

Soil Moisture Content
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In both years, the intensity and frequency of irrigation, as well as time of
year, all significantly affected soil moisture content. The factors also interacted with
each other, but interactions varied across years.
In year one, significant interactions in frequency by intensity, and frequency
by week on soil moisture were observed (Table 2.2). Further investigation into the
frequency by intensity interaction revealed significant differences between several
intensities at the lowest frequency (2 apps mo-1), and the top four intensities when
using the highest application frequency (16 apps mo-1), as well as the three highest
intensities when using the 8 apps mo-1 frequency (Figure 2.9). With regard to the
frequency by week interaction, separation between treatments was exhibited from
July 18th, 2016 to the conclusion of the data collection period (October 5th, 2016)
(Figure 2.10).

The highest irrigation frequency (16 apps mo-1) produced

significantly greater soil volumetric water content than all other frequencies from
August 8th, 2016 to the end of 2016 data collection (Figure 2.10).
In the second year of the study, a significant three-way interaction in
frequency by intensity by week on soil volumetric water content was observed
(Table 2.2). The greatest frequency, regardless of irrigation intensity, regularly
produced the greatest soil volumetric moisture, while the lowest frequency,
regardless of intensity, regularly produced the lowest soil volumetric moisture
(Figure 2.11).

Discussion
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In both years of this study, it was found that greater irrigation frequency
produced consistently greater quality turf, with 16 applications mo-1 quite often
outperforming the rest. It was also found that irrigation intensity of 10.1 cm mo-1
provided the greatest turf quality; however, the 7.6 and 8.9 cm mo-1 intensities
provided statistically similar results for the majority of the measures of turf quality
for most of the treatment period. The intent of this study was to apply irrigation –
ranging from sufficient to insufficient – to lawn-height perennial ryegrass in the
Willamette Valley of Oregon, in an effort to determine minimal watering rates that
will still provide acceptable turfgrass quality throughout the summer months.
Oregon State University’s Master Gardener recommendation of “an inch per week”
has caused some ambiguity regarding the ideal frequency of irrigation applications
(Oregon-Washington Master Gardener Handbook, 2008).
Previous studies have shown that deep-and-infrequent irrigation can
promote deeper-rooting and more drought-tolerant turfgrass stands (Liu and
Huang, 2002; Salaiz et al., 1995; Xu and Huang, 2003; Yelverton, 1999). In this
study, however, it was shown that increased irrigation frequency had a positive
effect on visual turf quality, density, and percent green cover (16 > 8 > 4 > 2
applications per four-week period). While the results of this study are contradictory
to those from previous studies, there are several things to consider. First of all, the
aforementioned studies were conducted on tall fescue, Kentucky bluegrass, creeping
bentgrass, and zoysiagrass – all of which are turf types with significantly different
rhizospheres and/or growth habits than perennial ryegrass. Perennial ryegrass is a
bunch-type grass (as opposed to the laterally-growing Kentucky blue, creeping bent,

57
and zoysiagrasses), and doesn’t exhibit nearly the depth of rooting of the only
bunch-type used in those studies (tall fescue) (Bonos and Huff, 2013). The lack of
root-zone storage abilities in perennial ryegrass may be a significant contributing
factor to the results of this study.
It’s well known that irrigation requirements vary regionally based on
climate, species, water quality, irrigation management, cultural practices, and soil
type (Leinauer and Devitt, 2013). The Willamette Valley rarely, if ever, experiences
precipitation events in the three-to-four summer months (U.S. Climate Data, 19812010). Thus, the extreme length of drought period could be a significant factor in
the optimization of irrigation practices in this region.

Deficit irrigation – the

practice of irrigating at rates below the maximum water loss – is most effective in
areas that receive sufficient rainfall to occasionally recharge the soil profile
(Feldhake et al., 1984).
Another factor to consider is mowing height. Turfgrass is a low-growing
groundcover with a rooting-depth proportional to the height of cut (Liu and Huang,
2002; Salaiz et al., 1995; Yelverton, 1999). Fry and Butler (1989) observed an
increase in ET rates for creeping bentgrass and annual bluegrass when mowing
height was raised from 6 to 12 mm. For this study, the mowing height was 5.1 cm,
which is on the low end of the recommended mowing height range for perennial
ryegrass lawns (Beard, 2002).

This means that the rooting depth was also

proportionally shallower than the potential rooting depth of perennial ryegrass. Fry
and Huang (2004) stated that mowing height might be the single most influential
cultural practice with regard to turfgrass’ ability to tolerate water stress. This is
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largely due to the fact that the removal of plant tissue during mowing inherently
removes chloroplast, chlorophyll, and stomata, all of which negatively affects
photosynthesis and reduces the plant’s ability to store carbohydrates for times of
less favorable growing conditions (Kopp and Jiang, 2013).
On the contrary, some studies have shown that turfgrasses maintained at a
higher mowing height actually have higher water requirements due to increased
leaf area and overall plant mass (Kneebone et al., 1992; Huang and Fry, 1999). This
could be another significant factor in considering the fact that more frequent
irrigation applications produced the highest quality turf in this study. The relatively
small plants used in this study were able to survive and thrive at decreased
irrigation intensity (< 2.54 cm per week) when the irrigation frequency was
sufficient (≥ 8 applications per four-week period). It is possible that a higher
mowing height could have required greater irrigation intensity and/or survived at
decreased irrigation frequency. Further studies should include height of cut as an
additional factor.
A couple points of concern regarding light-and-frequent irrigation practices,
however, are the potential for annual and roughstalk bluegrass encroachment, as
well as increased fungal activity (Beard, 2002; Youngner, 1959).

Anecdotal

evidence throughout this study pointed toward increased bluegrass populations and
mushroom production amongst plots irrigated at the highest frequency and
intensity. Bluegrasses – often considered weeds in perennial ryegrass lawns – are
known to be shallower-rooting, water-loving turf types (Bonos and Huff, 2013).
Fungi also require significant moisture availability near the soil surface (Youngner,
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1959). These factors could result in an increased demand for chemical control
amongst homeowners whom adopt the strategy of light-and-frequent irrigation
applications.
While this study was designed to determine optimal irrigation rate and
frequency for western Oregon, major concerns still exist regarding irrigation
distribution non-uniformity and improper use of timers – with irrigators too-often
resorting to bumping up their application rates to account for poor uniformity or
increased expectations (Endter-Wada et al., 2008; Leinauer and Devitt, 2013).
Improving irrigation distribution uniformity, along with optimizing irrigation rates
and frequencies by species and region, could have a tremendous impact on wateruse worldwide (Postel, 1992; Kjelgren et al., 2000).

Conclusion
The highest irrigation frequency (16 applications mo-1) consistently
produced the greatest turf color, density, percent green cover, and soil moisture
throughout the study period in both years. The lack of root-zone storage amongst
perennial ryegrass cultivars (i.e. no rhizomes and a relatively shallow rooting
depth), combined with the severity of summer drought conditions in the region
(sometimes four consecutive months), as well as the relatively low mowing height
used in this study (which produced a shallow root zone and decreased overall plant
mass), were all contributing factors to the results of this study.
It was found that the previous recommendation of “an inch per week” is a
conservative approximation for irrigation intensity requirement for the Willamette
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Valley of Oregon. Over two years, it was shown that acceptable-quality turfgrass
was provided through applying 8.9 cm mo-1 (12% reduction from the
recommendation).

This was achieved through light-and-frequent irrigation

applications (at least twice per week – with four being better than two), as opposed
to the inferred application frequency of once per week.

Master Gardener

recommendations for the Willamette Valley should incorporate higher frequency of
applications, along with the caveat that the “inch per week” recommendation is
sufficient for peak water demand, but, in the name of water conservation, schedules
could (and should) be reduced in the early and late summer when ET rates are less.

61
Figures

9

Visual Turf Color (1-9)

8
7
6
5

2 Applications per Month

4

4 Applications per Month

3

8 Applications per Month

2

16 Applications per Month

1
1-Jul

11-Jul

21-Jul

31-Jul

10-Aug

20-Aug

30-Aug

9-Sep

19-Sep

29-Sep

9-Oct

Date (2016)

Figure 2.1: Effect of irrigation frequency on visual turfgrass color over the 2016 summer season in Corvallis, OR. Turfgrass
consisted of a perennial ryegrass blend maintained at 5.1 cm. Results are pooled across five application intensity
treatments (5.1 – 10.1 cm per month). Visual color was estimated using the National Turfgrass Evaluation Program
(NTEP) rating system. Values are means (n = 20) and 95% confidence intervals estimated using Fisher’s projected least
significant difference test.
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Figure 2.2: Effect of irrigation intensity and frequency on visual turfgrass color over the 2017 summer season in Corvallis, OR.
Turfgrass consisted of a perennial ryegrass blend maintained at 5.1 cm. Visual color was estimated using the National
Turfgrass Evaluation Program (NTEP) rating system. Values are means (n = 4) and 95% confidence intervals estimated
using Fisher’s projected least significant difference test.

63
9

Visual Turf Density (1-9)

8
7
6
5
4

5.1 per Month
6.4 cm per Month
7.6 cm per Month
8.9 cm per Month

3
10.1 cm per Month
2
1
1-Jul

11-Jul

21-Jul

31-Jul

10-Aug

20-Aug

30-Aug

9-Sep

19-Sep

29-Sep

9-Oct

Date (2016)

Figure 2.3: Effect of irrigation intensity on visual turfgrass density over the 2016 summer season in Corvallis, OR. Turfgrass
consisted of a perennial ryegrass blend maintained at 5.1 cm. Results are pooled across four application frequency
treatments (2 – 16 applications per month). Visual density was estimated using the National Turfgrass Evaluation
Program (NTEP) rating system. Values are means (n = 16) and 95% confidence intervals estimated using Fisher’s
projected least significant difference test.
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Figure 2.4: Effect of irrigation frequency on visual turfgrass density over the 2016 summer season in Corvallis, OR. Turfgrass
consisted of a perennial ryegrass blend maintained at 5.1 cm. Results are pooled across five application intensity
treatments (5.1 – 10.1 cm per month). Visual density was estimated using the National Turfgrass Evaluation Program
(NTEP) rating system. Values are means (n = 20) and 95% confidence intervals estimated using Fisher’s projected least
significant difference test.
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Figure 2.5: Effect of irrigation intensity and frequency on visual turfgrass density over the 2017 summer season in Corvallis,
OR. Turfgrass consisted of a perennial ryegrass blend maintained at 5.1 cm. Visual density was estimated using the
National Turfgrass Evaluation Program (NTEP) rating system. Values are means (n = 4) and 95% confidence intervals
estimated using Fisher’s projected least significant difference test.
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Figure 2.6: Effect of irrigation intensity on percent green cover over the 2016 summer season in Corvallis, OR. Turfgrass
consisted of a perennial ryegrass blend maintained at 5.1 cm. Results are pooled across four application frequency
treatments (2 – 16 applications per month). Percent green cover was measured using digital image analysis. Values are
means (n = 16) and 95% confidence intervals estimated using Fisher’s projected least significant difference test.

67
100

Percent Green Cover (%)

90
80
70
60
50

2 Applications per Month
4 Applications per Month

40
30
20
10
0
1-Jul

8 Applications per Month
16 Applications per
Month

11-Jul

21-Jul

31-Jul

10-Aug

20-Aug

30-Aug

9-Sep

19-Sep

29-Sep

9-Oct

Date (2016)

Figure 2.7: Effect of irrigation frequency on percent green cover over the 2016 summer season in Corvallis, OR. Turfgrass
consisted of a perennial ryegrass blend maintained at 5.1 cm. Results are pooled across five application intensity
treatments (5.1 – 10.1 cm per month). Percent green cover was measured using digital image analysis. Values are means
(n = 20) and 95% confidence intervals estimated using Fisher’s projected least significant difference test.
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Figure 2.8: Effect of irrigation intensity and frequency on percent green cover over the 2017 summer season in Corvallis, OR.
Turfgrass consisted of a perennial ryegrass blend maintained at 5.1 cm. Percent green cover was measured using digital
image analysis. Values are means (n = 4) and 95% confidence intervals estimated using Fisher’s projected least significant
difference test.
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Figure 2.9: Effect of irrigation intensity and frequency on soil volumetric water content (%) averaged across the 2016 summer
season in Corvallis, OR. Turfgrass consisted of a perennial ryegrass blend maintained at 5.1 cm. Results are pooled across
14 dates (July 5th, 2016 to October 5th, 2016). Soil moisture was measured using FieldScout TDR 300 Soil Moisture Probe
(Spectrum Technologies, Inc., Aurora, IL) with 3.8 cm probes. Values are means (n = 56) and 95% confidence intervals
estimated using Fisher’s projected least significant difference test.
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Figure 2.10: Effect of irrigation frequency on soil volumetric water content (%) over the 2016 summer season in Corvallis, OR.
Turfgrass consisted of a perennial ryegrass blend maintained at 5.1 cm. Results are pooled across five application intensity
treatments (5.1 – 10.1 cm per month). Soil moisture was measured using FieldScout TDR 300 Soil Moisture Probe
(Spectrum Technologies, Inc., Aurora, IL) with 3.8 cm probes. Values are means (n = 20) and 95% confidence intervals
estimated using Fisher’s projected least significant difference test.
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Figure 2.11: Effect of irrigation frequency on soil volumetric water content (%) over the 2017 summer season in Corvallis, OR.
Turfgrass consisted of a perennial ryegrass blend maintained at 5.1 cm. Results are pooled across five application intensity
treatments (5.1 – 10.1 cm per month). Soil moisture was measured using FieldScout TDR 300 Soil Moisture Probe
(Spectrum Technologies, Inc., Aurora, IL) with 3.8 cm probes. Values are means (n = 20) and 95% confidence intervals
estimated using Fisher’s projected least significant difference test.
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Tables
Table 2.1 Irrigation treatments in terms of intensity (centimeters and inches per
month), application frequency (applications per month), and depth of
application. Treatments were made July 5th, 2016 through October 5th, 2016,
and July 4th, 2017 through August 26th, 2017 at the Oak Creek Center for Urban
Horticulture in Corvallis, OR. Experimental design was 2 by 4 by 5 factorial in
randomized complete block with four replications. Individual plots were 2.3 m2
and total experimental area was 186 m2.

Factor 1:

Factor 2:
Application Inches per
Frequency Application
(month-1)

Irrigation
Intensity
(cm-month-1)

Irrigation
Intensity
(in-month-1)

5.1

2

2

1.00

5.1

2

4

0.50

5.1

2

8

0.25

5.1

2

16

0.13

6.4

2.5

2

1.25

6.4

2.5

4

0.63

6.4

2.5

8

0.31

6.4

2.5

16

0.16

7.6

3

2

1.50

7.6

3

4

0.75

7.6

3

8

0.38

7.6

3

16

0.19

8.9

3.5

2

1.75

8.9

3.5

4

0.88

8.9

3.5

8

0.44

8.9

3.5

16

0.22

10.1

4

2

2.00

10.1

4

4

1.00

10.1

4

8

0.50

10.1

4

16

0.25
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Table 2.2 Analysis of Variance of visual color and density ratings, percent green
cover, and soil moisture content (%) on 2.0” perennial ryegrass blend affected
by frequency and intensity of irrigation applications and week number during
the treatment period in Corvallis, OR over two years (2016 and 2017).

Year 1 (2016)
Source of
variation
Frequency (F)
Intensity (I)
Week (W)
FXI
IXW
FXW
FXIXW

Year 2 (2017)
Source of
variation
Frequency (F)
Intensity (I)
Week (W)
FXI
IXW
FXW
FXIXW

***
**
*
ns

Visual
Turfgrass
Color (1-9)
DF
3
4
13
12
52
39
156

DF
3
4
4
12
16
12
48

Visual
Turfgrass
Density (1-9)

------------------- Pr > F ------------------***
*
***
ns
ns
***
ns
Visual
Turfgrass
Color (1-9)

***
ns
***
ns
**
***
ns
Visual
Turfgrass
Density (1-9)

***
*
***
*
ns
***
ns

***
***
***
*
***
***
**

Significant at a 0.001 level of probability
Significant at a 0.01 level of probability
Significant at a 0.05 level of probability
Not significant at a 0.05 level of probability

DF
3
4
3
12
12
9
36

Soil Moisture
(0-100%)

------------------- Pr > F ------------------***
***
***
**
***
***
**

Percent
Green Cover
(0-100%)

Soil Moisture
(0-100%)

***
***
***
ns
ns
***
ns

DF
3
4
2
12
8
6
24

Pr > F
***
ns
***
ns
*
***
ns
Percent
Green Cover
(0-100%)
Pr > F
***
***
***
*
***
***
*
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Table 2.3 Effect of irrigation intensity on visual turfgrass color over the 2016
summer season in Corvallis, OR. Turfgrass consisted of a perennial ryegrass
blend maintained at 5.1 cm. Results are pooled across four application
frequency treatments (2 – 16 applications per month) and 14 dates (July 5th,
2016 to October 5th, 2016). Visual turf color was estimated using the National
Turfgrass Evaluation Program (NTEP) rating system. Values are means (n =
224) and separated at 95% confidence using Fisher’s projected least significant
difference test.
Application
Intensity (cm mo-1)

Mean Color
Rating (1-9)

10.1

6.79

a

7.6

6.74

ab

8.9

6.73

ab

6.4

6.64

b

5.1

6.52

c

75
Table 2.4 Effect of irrigation intensity on soil moisture content (%) over the 2017
summer season in Corvallis, OR. Turfgrass consisted of a perennial ryegrass
blend maintained at 5.1 cm. Results are pooled across four application
frequency treatments (2 – 16 applications per month) and 5 dates (July 4th, 2017
to August 26th, 2017). Visual turf color was estimated using the National
Turfgrass Evaluation Program (NTEP) rating system. Values are means (n = 80)
and separated at 95% confidence using Fisher’s projected least significant
difference test.
Application
Intensity (cm mo-1)

Mean Soil Moisture
Content (%)

8.9

31.6

a

10.1

31.0

ab

7.6

30.3

b

6.4

29.0

c

5.1

27.7

d
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CHAPTER 3
EVALUATING TWO RAINWATER HARVESTING SYSTEMS IN AN URBAN
SETTING IN OREGON’S WILLAMETTE VALLEY
Introduction
The recent trend toward more extreme periods of drought has been a shock to the
residents of the Pacific Northwest – many of whom have relied upon heavy wateruse in the summer months in order to make a living (i.e. producers of grass seed and
sod, berries, or nursery crops), or to maintain their landscapes at high levels (i.e.
certain

homeowners,

recreational

facilities,

or

commercial

properties).

Furthermore, population growth has reached the point where even an average year
of precipitation has proven insufficient for urbanities that had not previously
experienced issues with water scarcity (McDonald et al., 2011).

This modern

climate scenario has forced people of the Pacific Northwest, and people from all
around the world, to rethink their water-use strategies, as the global trend has
shifted toward greater sustainability (Tilman, 2001; McDonald et al., 2011). One
potential mitigation strategy for cool-humid regions, such as Oregon’s Willamette
Valley, is to utilize rainwater-harvesting systems to alleviate freshwater demand
(Kinkade-Levario, 2007). Rainwater harvesting is a logical choice for this climate
zone because the average annual precipitation (42.7-in for Corvallis, OR) is
sufficient for the majority of its crop production, however, this precipitation occurs
almost exclusively in a nine-month period spanning from fall to spring (US Climate
Data, 1981-2010). Although annual precipitation is adequate, irrigation is still
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required for at least three months of every year. This study considered rainwater
harvesting to be ideally suited for the cool-humid Willamette Valley, due to the
excess rainfall in the wet season that could be stored for use in the summer months,
thus decreasing demand for municipal water by an equivalent amount.
It should be stated that rainwater harvesting is not a novel idea; there have
been studies dating back to the 1980’s and earlier that have shown significant
water-savings when retrofitting homes with new features like rainwater-harvesting
systems (Boers et al., 1982, Karpisack et al., 1990). Even before that, golf courses,
sporting complexes, and industrial sites alike were making use of this strategy.
However, their methods typically consisted of catching rainwater via surface runoff
and storing it in retention ponds (Ferguson, 1998); a strategy that is less applicable
to the small-acreage homeowner who wants to irrigate their property without
having to turn half of their backyard into a pond. Fortunately, there are alternative
methods of rainwater harvesting that make a lot more sense in a residential setting,
where irrigated land is small in relation to the roof-area for which rain can be easily
harvested.

This study documents the construction of two distinct rainwater-

harvesting systems (an aboveground cistern and a belowground AQUABLOX™
matrix storage system), and gives insight into their advantages and disadvantages.

Key Words
Rainwater-harvesting system; subsurface matrix storage; cistern; pedal-powered
pump
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Site Description
In 2015, two rainwater-harvesting systems were installed at the Oak Creek Center
for Urban Horticulture (OCCUH) in Corvallis, OR. Two sections of 6-in seamless Kstyle aluminum gutters were installed along either side of the building adjacent to
the two harvesting systems. This building has a symmetrical roof sloping in two
directions from the peak, with a footprint of 57-ft by 16-ft, or 912-ft2. Therefore, the
rainwater-harvesting potential for this roof is 3,240 ft3 (912-ft2 roof footprint
multiplied by 3.55-ft of annual precipitation; US Climate Data, 1981-2010), or
24,200-gal. Each gutter runs the length of the roof (57-ft) and collects water from
half of the area (456-ft2), so each rainwater-harvesting system receives roughly
12,100-gal of rainwater in an average year. Each gutter has a downspout leading to
a first-flush diverter – a downspout attachment designed to catch debris and divert
water to the tank, while preventing particulate (and associated bacteria) from
entering the rainwater-harvesting system by bypassing the first flush of water
(roughly 10-gal per 1,000-ft2 of roof) to the storm drain following an extended dry
period. From the first-flush diverters, Schedule-40 PVC pipes are angled to drain
into the respective rainwater-harvesting system. The two rainwater-harvesting
systems in this study are an aboveground 5,000-gal polyethylene cistern (Norwesco,
St. Bonifacius, MN) and an underground pond-less waterfall system utilizing a
matrix of AQUABLOX™ (Aquascape Inc., St. Charles, IL) that holds roughly 4,000-gal.
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Two Field Studies
Aboveground Rainwater-Harvesting System (Cistern)
One of the two gutter downspouts was diverted into a polyethylene tank that sat on
the ground surface. This system included the following components: 5000-gal
cistern, tank gauge, floating outtake, and siphon-style overflow piping (Figure 3.1).
The floating outtake consisted of a 5/8-in commercial-grade garden hose
threaded onto the internal side of the outlet. The other end of the hose was left
open and fixed to the underside of a boat dock buoy to keep it near the surface of the
water. The floating outtake was designed to withdraw the cleanest water in the
tank, as settling processes result in increased particulate content at the bottom of
the tank (i.e. near the standard outlet). The cistern also had an Atlantic Rain
Harvesting Tank Gauge (Hydro-Scape, Ontario, CA) to track water use and recharge
over time. To prevent algal and bacterial growth, the tank was painted black to
minimize sunlight and prevent photosynthetic activity within the cistern. Overflow
piping (3-in Schedule 40 PVC) was installed to allow excess water to drain from the
tank before the water level reached the elevation of the inlet. This design prevents
backflow into the inlet, which would have been problematic for the entire gutter
system. Instead, excess flow was sent away from the tank and into a rock-filled
infiltration basin landscaped as a rock garden. Overflow piping was also outfitted
with a siphon tube (optional), through which the excess water was drawn from the
base of the tank where the water is the dirtiest, in order to remove the dirtiest water
possible and maximize tank capacity and function.
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In an attempt to keep the aboveground system as simple and carbon-neutral
as possible, the pumping method used in this study was pedal-power. A vintage
stationary exercise bicycle (Schwinn (Dorel), Montreal, Quebec) was fixed to a
custom steel frame, along with a HYPRO 4-roller cast-iron pump (Pentair Hypro,
Minneapolis, MN). With a 5/8-in pulley attached to the axle of the pump, a simple
lawn mower belt (95-in) was able to transfer power and operate the pump
providing five gallons per minute (GPM) at a comfortable pedaling pace. The
bicycle-pump assembly was placed on a flattened patch of ground near the cistern,
and connected to the outlet via 5/8-in commercial-grade garden hose. Shelter was
provided in the form of corrugated plastic sheets screwed onto a PVC frame, which
was then fixed to the top of four steel fence posts cemented underground (Figure
3.2).
While the aboveground rainwater-harvesting system constructed in this
study was fitted with a pedal-powered pump, the system could easily be adapted to
an electronic pump. The aboveground system also has the benefit of being able to
pump out water using gravitational forces. The total budget for this system was
$3,083 (Table 3.1).

Subsurface Rainwater-Harvesting System (Pond-less Waterfall)
The storage method chosen for the second study was an Aquablox system, which
included the following components: subsurface basin with structural-matrix of
Aquablox, ethylene propylene diene terpolymer (EPDM) pond liner, protective
geotextile underlayment, recirculating waterfall feature fed from a submersible

84
pump, water level gauge, overflow piping, external pressure pump for dispersal, and
a sump pump placed outside the tank for flood prevention (Figure 3.3).
In this system, the downspout diverted rainwater into the side of the
recirculating waterfall feature (Figure 3.4).
The Aquablox system in this study utilized a matrix of structurallysupportive plastic blocks. Each block was 26.5-in by 17.5-in by 16-in (4.3-ft3) and
had a porosity of 95%. A matrix of these blocks provided structural support for the
subsurface basin when empty, but also allowed for significant storage of rainwater
below the ground surface. For the installation of the Aquablox storage system, a 9-ft
long by 17-ft wide by 6-ft deep hole was dug and lined with protective
underlayment. Next, a 20-ft wide by 30-ft long by 0.045-in thick rubber pond liner
(Firestone Tire and Rubber Company, Nashville, TN) was placed in the hole to create
a watertight basin. The inside of the pond liner was then covered with an additional
protective geotextile layer to prevent the Aquablox from puncturing it. Finally, the
matrix of Aquablox was installed inside the pond liner. Blocks were placed one
layer at a time, with continual backfilling and compacting around the sides of the
basin to keep everything in place (Figure 3.5).
The basin was designed to hold 126 blocks (7 long by 6 wide by 3 deep),
however, a stack of three blocks was removed from one corner of the tank to
incorporate a vertical conduit for pumping, known as a pump canyon (Figure 3.6).
The subsurface basin was topped with a permeable weed-barrier cloth and
covered in round river-rock to sit flush with the ground surface. The open top
allowed rainwater to enter the system from the surface, thus adding to the
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rainwater-harvesting potential. At the surface of the Aquablox system, 3-in ABS
pipe was installed to send excess rainwater to a separate rock garden downhill from
the subsurface system (Figure 3.7).
The same water level gauge as the cistern system was installed to track water
use and recharge in the subsurface basin.
Excess dirt from the excavation was mounded and shaped into the previously
mentioned recirculating waterfall feature. The waterfall was powered by an Eco
4950 GPH submersible pump (EcoPlus, Vancouver, WA) that drew water from the
bottom of the pump canyon to the top of the waterfall feature, where it then flowed
back into the underground Aquablox system to complete the pond-less waterfall.
The waterfall feature provided constant circulation of the stored water, thus
keeping it oxygenated and clean. The submersible pump was threaded onto a 10-ft
length of 2-in Sch. 40 PVC pipe with inline check valve installed 1-ft from the pump
end to prevent backflow into the pump. The pipe was then lowered pump-first into
an Elite Pump Canyon and Extension (Pondbuilder Inc, Saginaw, MI) installed at a
6.5-ft depth inside the pond liner. The pump canyon was a perforated-plastic
housing with a circular opening (10-in diameter) at the top that extends vertically to
just above the ground surface. The pump canyon was held in place by round riverrock backfilled inside the basin and around the conduit. The 10-ft length of 2-in Sch.
40 PVC pipe was cut and fitted with an elbow that allowed the flow to exit just below
the ground surface. A short length of pipe was glued into the elbow, which was then
coupled to 2-in Sch. 40 flexible PVC pipe using a compression fitting. This flexible
pipe extended from the pump canyon, out over the edge of the pond liner, through
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the mounded dirt, and was attached to a 22-in Elite Biological Waterfall Box
(Pondbuilder Inc, Saginaw, MI) that sat at the top of the mound (Figure 3.8).
The waterfall box distributed water pumped up from the bottom of the
subsurface basin and sent it down a short waterfall path that terminated over the
exposed surface of the Aquablox system.
Finally, a 12-in diameter conduit was installed to 6.5-ft depth adjacent to the
Aquablox system outside the pond liner. A 1/4-HP cast iron sump pump (Liberty
Pumps, Bergen, NY) was placed at the base of the conduit. The purpose of this sump
pump was to ensure the ground water table stayed below the underground water
storage system. Ground water collected from the sump pump was sent to the rock
garden downhill from the subsurface system using 2-in Sch. 40 flexible PVC pipe.
The budget for the second rainwater-harvesting system was $12,775 (Table 3.2).

Findings
There’s a large range of options available to people interested in rainwater
harvesting. The advantages of the aboveground system were in its simplicity and
robustness. Installation took very little effort, and cost was kept to a minimum. The
cost of product for the entire 5,000-gal aboveground system was only $3,083. Aside
from the fact that the system takes up a decent amount of space and doesn’t provide
any aesthetic benefits, the only major deterrent to the aboveground system was the
stagnant nature of the stored water. Even though the tank had been painted black
to eliminate light from entering the water column, there was still a significant layer
of slime on the inner walls of the cistern and on the floating outtake. While this had
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no impact on the function of the tank in the first year of operation, it was decidedly a
problem that the water quality decreased (via biomass accumulation) during the
storage period.
The subsurface storage system was considerably more expensive than the
cistern system, at $12,775 for product and excavation services. The majority of the
cost was associated with the Aquablox matrix; however, this is a necessary
component for maximizing sub-surface storage capacity. The plastic matrix allowed
for the storage of roughly 4,000 gallons of rainwater, while a rock-filled basin of the
same size would only hold around 1,000 gallons. Along with the construction cost,
another deterrent to the pond-less waterfall system is that electricity is required to
power the recirculating waterfall; thus adding to the total cost of the Aquablox
system.

However, there is no denying the aesthetic benefit of a recirculating

waterfall feature, and when considering the fact that the water remains clean
throughout the storage period, it may be worth the cost.

Conclusion
Aboveground systems are a good choice for retrofits of existing free standing homes,
particularly in cases where aesthetics are less of a concern or the cistern’s effect on
site lines can be mitigated. In addition, the large amount of space taken up by the
cistern precludes its use where space is limited or where space is reserved for other
uses. In contrast, subsurface storage systems are a good choice for confined spaces
or where an aboveground cistern would significantly impact aesthetics.
Unfortunately, the cost of these systems is likely prohibitive for many homeowners.
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Subsurface systems might be more widely appropriate when installed as part of
initial construction where they can be integrated into overall building design and
construction, which would reduce the per-unit cost.

89
Figures

Figure 3.1: Diagram of the updated rainwater-harvesting cistern with all the
necessary and recommended components.
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Figure 3.2: Picture of the aboveground system with pedal-powered water pump.
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Figure 3.3: Pond-less waterfall system (foreground) built next to the cistern system
(background).
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Figure 3.4: Recirculating waterfall feature built with gutter-diversion piping
entering the system between the second and third spillway.
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Figure 3.5: Final layer of AQUABLOX installed with pond liner and underlayment
folded over the top during backfilling and compaction around the basin.
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Figure 3.6: A vertical conduit extends down into a perforated pump enclosure
(pump canyon) in the corner of the basin where a stack of three Aquablox was
removed.
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Figure 3.7: Overflow pipe fixed to pond liner at the top of the Aquablox to maximize
capacity.
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Figure 3.8: Waterfall box carefully leveled to create an even spillway at the start of
the falls.
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Tables
Table 3.1: Budget for the aboveground cistern rainwater-harvesting system.

Gutters
and
Diversion

Cistern
Storage
System

Dispersal
via PedalPowered
Water
Pump

Total

Product
6" K-Style Gutter (57')
Atlantic Clean Rain Downspout
Diverter
3" Sch. 40 PVC Pipe (10')
3" Sch. 40 PVC Elbow
141" x 96" PPE Rain Tank (dia. x
height)
Atlantic Rain Harvesting Tank
Gauge
Banjo Tank Valve Assembly (2")
5/8" Garden Hose (25')
Boat Dock Buoy
Plastic Chain (ft)
Zip Ties
Vintage Schwinn Stationary Bicycle
HYPRO 4-Roller Pump
5/8" Garden Hose (25')
95" Lawnmower Belt
5/8" Pulley
7' Steel Fence Post
3' Hardened Steel Bar
5/8" Bolts
5/8" Nuts
5/8" Washers
8' Steel Poles
Quikrete Fast-Setting Concrete (50
lb)
1 1/4" PVC (10')
1 1/4" PVC Connectors
3/4" Minus-Aggregate Gravel (yd)

Qty.
1

Unit Cost
$292.50

Total
$292.50

1

$148.98

$148.98

3
5

$10.00
$2.58

$30.00
$12.90

1

$1,899.99

$1,899.99

1

$39.99

$39.99

1
1
1
5
8
1
1
1
1
1
4
1
12
12
12
4

$38.00
$27.99
$20.00
$0.95
$0.10
$50.00
$150.00
$27.99
$10.00
$5.00
$24.97
$13.99
$0.75
$1.44
$0.68
$13.97

$38.00
$27.99
$20.00
$4.75
$0.80
$50.00
$150.00
$27.99
$10.00
$5.00
$99.88
$13.99
$9.00
$17.28
$8.16
$55.88

2

$5.47

$10.94

3
20
1

$8.00
$2.33
$38.00

$24.00
$46.60
$38.00
$3,082.62
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Table 3.2: Budget for the subsurface AQUABLOX rainwater-harvesting system.
Product
6" K-Style Gutter (57')
Atlantic Clean Rain Downspout
Diverter
Gutters 3" Sch. 40 PVC Pipe (10' sections)
and
3" Sch. 40 PVC Coupler
Diversion
3" Sch. 40 PVC Elbows
3" ABS Pipe (10' sections)
3" ABS Connectors
AQUABLOX Standard Matrix (26.5" x
16" x 17.5")
EPDM Pond Liner (20' width) [ft]
Protective Geotextile Underlayment
[ft2]
EcoPlus Eco 4950 GPH Submersible
Pump
2" Sch. 40 PVC (10')
2" Flex PVC [ft]
2" Check Valve Assembly
PondSmall Elite Pump Canyon
less
Small Elite Pump Canyon Extension
Waterfall
Storage 22" Elite Biological Waterfall Box
System EPDM Pond Liner for Stream (20'
width) [ft]
Geotextile Weed Barrier (10' width)
[ft]
Atlantic Rain Harvesting Tank Gauge
Excavator and Operator [days]
Black Basalt Wall Rock
Round River Rock (1" - 5") [ton]
Iron Mountain Stepstone (1" - 2")
[lb]
Dump Truck Delivery
External Pressure Pump
Dispersal
3/4" Poly Pipe (100')
Flood
Liberty 1/4-HP Cast Iron Sump Pump
Control
Total

Qty.
1

Unit Cost
$292.50

Total
$292.50

1

$148.98

$148.98

6
3
3
7
8

$10.00
$1.37
$2.58
$15.62
$3.98

$60.00
$4.11
$7.74
$109.34
$31.84

123

$62.99

$7,747.77

30

$21.80

$654.00

900

$0.30

$270.00

1

$235.60

$235.60

1
20
1
1
2
1

$8.50
$3.47
$53.79
$233.99
$85.49
$449.99

$8.50
$69.40
$53.79
$233.99
$170.98
$449.99

9

$21.80

$196.20

20

$1.00

$20.00

1
1
0.97
1

$66.00
$825.00
$120.00
$60.00

$66.00
$825.00
$116.40
$60.00

120

$0.20

$24.00

1
1
1

$60.00
$839.64
$18.98

$60.00
$839.64
$18.98

1

$125.00

$125.00
$12,774.75
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CHAPTER 4

EVALUATING PERENNIAL RYEGRASS CULTIVARS FOR USE WITH
RESIDENTIAL GREYWATER IRRIGATION
Abstract
Freshwater is a limiting resource, and its availability is increasingly a
concern. Landscape irrigation, a large portion of the even larger category of outdoor
water-use, can be accomplished with water of less-than-potable quality. Greywater
makes up a large portion of residentially produced wastewater, thus, its use in
landscapes would go a long way toward conserving potable water for other uses.
The objective of this study was to impose greywater-irrigated soil conditions –
simulating supplemental and continuous disposal applications versus a potable
control – on 11 different lawn-height perennial ryegrass cultivars in the Willamette
Valley of Oregon, in an effort to evaluate the cultivars and determine whether
annual precipitation in the region provides sufficient leaching for safe greywater
irrigation. A two-year field trial was initiated in June 2016 and concluded in
September 2017 on native soil at the Lewis Brown Horticulture Farm, Corvallis, OR.
Experimental design was a 2 by 11 by 3 strip-plot with three replications. Factors
included year, perennial ryegrass cultivars, and greywater irrigation regime.
Concentrated overhead spray applications of synthetic greywater (water-softening
salt, two laundry detergents, and a chelating agent) were applied twice-weekly as
strip-plots over perennial ryegrass plots from June 2016 through September 2017,
to represent continuous disposal; from June to September of 2016 and 2017, to
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represent supplemental irrigation; and compared to a control, which received only
potable irrigation. In this study, it was found that a continuous (12-mo.) greywater
irrigation regime reduced all three responses of turf quality for the Gray Fox
perennial ryegrass cultivar. Pillar, Estelle, Zoom, Brightstar SLT, and Mighty were
also negatively affected by the 12-mo. greywater irrigation regime, but only in one
or two of the three responses. Based on these results, there are a multitude of
perennial ryegrass cultivars that serve as viable candidates for greywater-irrigated
areas. However, seasonal differences between greywater irrigation regimes were
exhibited in the coldest and hottest months of the trial period, suggesting an
interaction between greywater irrigation and temperature stress. Soil volumetric
water content was higher for greywater-treated plots.

Seasonal soil analyses

showed a buildup of chloride, sodium, boron, and elevated electrical conductivity
(EC) with greywater applications. Rainfall from Fall 2016 to Spring 2017 was
sufficient to leach chloride and boron, and drive EC values down in the 4-mo.
greywater irrigation regime, although, elevated sodium levels persisted throughout
the study. Greywater is a viable irrigation alternative for the cool-humid Willamette
Valley, however, leaching fractions may need to be implemented in the summer
months, and continuous disposal sites may see decreased turf quality in the winter
months.

Introduction
Reclaimed wastewater has been used to irrigate turfgrass and has proven to
be effective in situations where transportation of the water is reasonable and soils
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are capable (Skiles et al., 2010; Steppuhn, 2005). A large portion of residential
wastewater (greywater) can be reclaimed for direct use at the local level; however,
concerns over its reliability with regard to chemical composition have prevented the
widespread implementation of greywater use on a national or global scale
(Harivandi, 2000; National Research Council, 2012). Alas, there is still a need for
well-documented research on the long-term effects of greywater irrigation on
turfgrasses, particularly in areas that are relatively new to water scarcity (Roesner
er al., 2006; National Research Council, 2012).
Aside from potential bacterial contamination, the major concern regarding
greywater use is due to its high salt content (Harivandi, 2000).

It is well

documented that saline soil conditions have detrimental effects to turfgrasses and
other crops (Steppuhn et al., 2005; Ayars and Schoneman, 2006). Turfgrass
breeders, particularly those in more arid regions of the world (i.e. warm-season
zones), have been working for decades to identify and breed salt-tolerant species of
turfgrasses to combat the issue of elevated salinity (Lee et al., 2005; Uddin et al.,
2011).

More recently, though, as more and more areas of the world are

experiencing issues related to water scarcity and accompanying salinity issues,
turfgrass breeders have been working toward the same goal of producing salttolerant cool-season grasses (Rose-Fricker and Wipff, 2001; Bonos et al., 2014).
This study was designed to subject 11 lawn-height perennial ryegrass
cultivars to greywater-irrigated soil conditions (simulating supplemental and
continuous disposal applications versus a potable control) in the cool-humid
Willamette Valley of Oregon. The goal was to evaluate the cultivars (10 of which
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were known/predicted to have increased salinity-tolerance) and determine
whether annual precipitation in the region (which occurs almost exclusively from
Fall through Spring) provides sufficient leaching for safe and effective greywater
irrigation/disposal on turfgrasses.

Methods and Materials
Experimental Area Construction
A field study was conducted at Oregon State University’s Lewis-Brown
Horticulture Farm in Corvallis, OR from September 8th, 2015 to September 29th,
2017. Prior to seeding, the area used for this research (a well-established stand of
perennial ryegrass NTEP study seeded in September of 2010 on a Chehalis sandy
clay loam soil (USGS Web Soil Survey)) was treated with two applications of
glyphosate at 11.7 L ha-1 (irrigated for four weeks between applications) on August
27th and September 24th, 2015, followed by removal of organic material via
intensive mowing and dethatching. After the area was renovated, fertilizer with a
25-3-10 (Wil-Gro 5 Iron, Wilbur-Ellis Company, Aurora, CO) was applied at a rate of
100 kg-N ha-1 on October 12th, 2015.

Experimental Design
Experimental design was a 2 by 11 by 3 strip-plot with three replications.
Factors included year (2016 and 2017), eleven perennial ryegrass cultivars (wholeplots), and three seasonal greywater rates (strip-plot). Whole plots were 6.9 m2,
sub-plots were 2.3 m2, and the total experiment area was 230 m2. The eleven
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perennial ryegrass cultivars were ‘Premium’, ‘Pillar’, ‘Pepper’, ‘Brightstar SLT’,
‘Estelle’, ‘Gray Fox’, ‘Allstar 3’, ‘Mighty’, ‘SR4660ST’, ‘Zoom’, and ‘Manhattan 6’.
Seasonal greywater regimes included applications made 0, 4, and 12 months of the
year to simulate, respectively, control (potable water applied June through
September while irrigation is required), supplemental/summer irrigation practices
(greywater applications made June through September as irrigation system is in
operation), and continuous/waste-site irrigation practices (greywater applications
made throughout the study period). For the treatments receiving 4 months of
greywater annually, applications were made twice weekly in June, July, August and
September 2016 and 2017; for the treatments receiving 12 months of greywater
annually, applications were made twice weekly from June 2016 to September 2017.
Potable overhead irrigation was applied to all plots in the trial at the rate of the
control (3.8 cm per week).
Synthetic greywater was manufactured for this experiment using a mass of
constituents defined as “extreme” values of sodium (Na), chloride (Cl), and boron
(B) concentrations found in effluent-quality wastewater used for irrigation of the
Heritage Golf Course, Westmister, CO (Skiles et al. 2010) and Whispering Palms
turfgrass study, Davis, CA (Shaw et al., 1995). To achieve these extreme values of
Na, Cl and B for this experiment, water softener coarse salt (Compass Minerals
International, Inc., Overland Park, KS) at 6.03 x 104 mg L-1, 20 Mule Team Borax
Natural Laundry Booster (Henkel AG & Company, KGaA, Düsseldorf, Germany) at
4.15 x 103 mg L-1, Arm & Hammer Super Soda Booster (Church & Dwight Co., Inc.,
Ewing, NJ) at 4.31 x 103 mg L-1, and trace amounts of ethylenediaminetetraacetic
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acid (EDTA) (Fisher Scientific, Pittsburgh, PA) at 35.2 mg L-1 was utilized. The
simulated concentrations of Na, Cl, B, and EDTA used for this study were 111 mg-Na
L-1, 168 mg-Cl L-1, 2.1 mg-B L-1, and 0.33 mg-EDTA L-1. Assuming 38 mm irrigation
per week, mass loadings over the 0-, 4-, and 12-month periods were calculated and
distributed as twice-weekly sprays at high concentration to avoid any significant
differences in irrigation rates. Concentrated spray applications were watered-in
with uniform 2.5 mm overhead irrigation to prevent evaporative loss and any
potential acute salinity damage.

Turfgrass Maintenance
The turfgrass was mowed as needed at a mowing height of 50 mm and
clippings were removed to help prevent annual bluegrass infestation. Nitrogen was
applied to plots in both years at an annual rate of 244 kg N ha-1 applied as 25-3-10
granular fertilizer (Wil-Gro 5 Iron, Wilbur-Ellis Company, Aurora, CO). Irrigation
was applied at 4.7 mm daily, and 2.5 mm twice-weekly following greywater
applications, for a total of 38 mm per week. Selective herbicides were used to
maintain plots as predominantly perennial ryegrass.

Prograss SC (42%

ethofumesate) was applied at 1.5 oz M-1 on December 1st of 2015, January 6th,
February 2nd, September 27th, November 4th, and December 6th of 2016, and January
23rd of 2017.

TZone SE (7.72% Triclopyr BEE, butoxyethyl ester, 0.66%

Sulfentrazone, 29.32% 2,4-D, 2-ethylhexyl ester, and 2.22% Dicamba acid) was
applied at 1.5 oz M-1 on September 19th of 2016.
Prodiamine) was applied at 0.185 oz M-1 on July 24th, 2017.

Barricade 65WG (65%
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Response Variables
Response variables included visual turfgrass color and density, soil
volumetric water content (3.8 cm depth), percent green cover, along with soil and
tissue chemical analysis. Data was collected on a monthly basis, with the exception
of soil and tissue sampling, which took place each spring and fall.
Turfgrass color and density ratings were assigned using the National
Turfgrass Evaluation Program (NTEP) rating system (Morris and Shearman, 2015)
every two weeks. Turfgrass color ratings were 1-9 with a 1 rating given to strawbrown turf and 9 given to dark green turf. Turfgrass density ratings were 1-9 with 9
equaling maximum density.
Soil moisture was collected using the FieldScout TDR 300 Soil Moisture
Probe (Spectrum Technologies, Inc., Aurora, IL) with 3.8 cm probes.

Three

subsamples were taken from each plot and averaged to define soil moisture.
Percent green cover was determined by collecting digital images using a Sony
DSC-H9 Camera (Sony, Tokyo, Japan) attached to a 50.8 cm wide by 61 cm long
(total area 0.31 m2) light box with four 40-Watt spring bulb lamps (TPC, Lighthouse
Supply, Bristol, VA). The collected images were then analyzed using Sigma Scan
(v.5.0, SPSS, Inc. Chicago, IL) in order to determine percent green cover (Richardson
et al., 2001). The threshold for the digital photo analysis was set to Hue 40-255 and
Saturation 0-100.
Soil cores (12 per plot) were pulled using 19 mm diameter probe to
approximately 150 mm depth, with the top 25 mm of root and thatch material
removed. Aggregate soil samples were sent to the Central Analytical Laboratory
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(OSU, Corvallis, OR) for analysis of pH, EC, Na, Cl, and B. Tissue samples were
collected using a Honda Self-Propelled Push Lawn Mower (Honda, Minato, Tokyo,
Japan). Aggregate samples were dried and sent to the Central Analytical Laboratory
for analysis of pH, EC, Na, Cl, and B.

Statistical Analysis
Data were subjected to analysis of variance using SAS 9.2 Proc Mixed (SAS
Institute Inc., Cary, N.C.). Factors within this analysis included greywater regime,
cultivar, date, and block. Normality of the residuals and homogeneity of variances
were analyzed visually. Data appeared to satisfy assumptions for ANOVA, with the
possible exception of percent green response, in which variability was clumped near
the upper boundary (100%); however, transformations didn’t seem to improve the
data. Repeated measures were explored, and based on Akaike information criterion
and error messages (Hessian not positive definite or infinite likelihood), the
optimum model was selected. When main effects and interactions were significant,
Fisher’s Protected Least Significant Difference (LSD) was used to separate individual
means at a 0.05 level of probability.

Results
Visual Turfgrass Color (1-9 Scale)
In this study, cultivar and date significantly affected visual turfgrass color.
Significant interactions were observed between greywater irrigation regime by date
and cultivar by date on visual turfgrass color (Table 4.1).
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With regard to the greywater regime by date interaction, there were no
statistical differences in visual turfgrass color for the first five months, but
separation between the 0-mo. and 12-mo. regimes occurred from November 2016
through March 2017, as well as June and July of 2017 (Figure 4.1).

When

differences were observed, the 0-mo. regime had significantly greater turf color than
the 12-mo. regime. In December 2016, the 0-mo. regime had the greatest turf color,
followed by the 4-mo. regime, and finally the 12-mo. regime, which had the lowest
turf color. In July 2017, the control had the greatest turf color, while the 4-mo. and
12-mo. regimes had the lowest turf color.
Cultivar by date interaction was observed throughout the 16-month data
collection period (Table 4.2). Premium perennial ryegrass regularly received the
highest turf color rating. Pillar and Zoom perennial ryegrass cultivars also received
color ratings raking in the highest category on several dates. Pepper perennial
ryegrass regularly received the lowest turf color rating. Brightstar SLT and Mighty
perennial ryegrass cultivars also received color ratings ranking in the lowest
category on several dates.

Visual Turfgrass Density (1-9 Scale)
In this study, cultivar and date significantly affected visual turfgrass density.
Significant interactions were observed between greywater irrigation regime by date
and cultivar by date on visual turfgrass density (Table 4.1).
With regard to the greywater regime by date interaction, there were no
statistical differences in visual turfgrass density ratings for the first five months, but
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separation between the 0-mo. and 12-mo. regimes occurred from November 2016
through February 2017, as well as July of 2017 (Figure 4.2). When these differences
were observed, the 0-mo. regime produced the greatest turf density, while the 12mo. regime produced the lowest turf density.

The 4-mo. regime produced

significantly lower turf density than the 0-mo. regime in December, January, and
July of 2017, and the 12-mo. regime was significantly lower than the 4-mo. regime in
February and April of 2017.
Regarding cultivar by date interaction, Premium and Pillar perennial
ryegrass cultivars regularly received the greatest turf density ratings throughout the
data collection period (Table 4.3). Allstar 3 also produced turf density raking in the
highest category at different times during this study. Brightstar SLT, Mighty and
Pepper perennial ryegrass cultivars consistently received turf density ratings in the
lowest category throughout the 16-month data collection period.

Percent Green Cover
In this study, cultivar and date significantly affected percent green cover.
Significant interactions were observed between greywater irrigation regime by date
and cultivar by date (Table 4.1).
With regard to the greywater regime by date interaction, significant
differences were observed from November 2016 through April 2017, and again
from July to August 2017 (Figure 4.3). When differences were significant, the 12mo. regime consistently produced the lowest percent green cover, while the control
often resulted in the highest green cover. The 4-mo. greywater regime resulted in
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decreased green cover in comparison to the control from December 2016 to March
2017, but was not different than the control on any other data collection event.
Regarding cultivar by date interaction, Pillar, Allstar 3, Premium, and Zoom
perennial ryegrass cultivars regularly produced percent green cover in the highest
category (Table 4.4). Mighty and Pepper perennial ryegrass cultivars regularly
received green cover ratings in the lowest category. Gray Fox and Brightstar SLT
also received relatively low green cover raking throughout the data collection
period.

Soil Volumetric Water Content (%)
In this study, greywater irrigation regime and date significantly affected soil
moisture; significant interaction was observed between greywater irrigation regime
by date (Table 4.1). The 12-mo. regime produced highest soil moisture in December
2016, and January, April, May, June, and August of 2017 (Figure 2.8). The 0-mo.
regime produced significantly less soil moisture than the 4-mo. and 12-mo. regimes
in July, September, and October of 2016, as well as July through September of 2017.

Seasonal Soil Analysis – pH
Greywater irrigation regime was found to have a significant effect on pH in
Fall 2017 (Table 4.5). The 0-mo. and 4-mo. greywater regimes produced the lowest
pH, 6.28 and 6.23, respectively, while the 12-mo. greywater regime produced the
highest, 6.48 (Fisher’s LSD: 0.08). While this difference was statistically significant,
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it is important to note that all three values are within the optimum range for
turfgrass management (Watschke et al., 2008).

Seasonal Soil Analysis – Electrical Conductivity
Greywater irrigation regime was found to have a significant effect on
electrical conductivity (EC) in all three sampling dates (Table 4.5). In Fall 2016, the
EC of 0-mo. greywater regime was the lowest, 0.149 dS/m, while the 4-mo. and 12mo. greywater regimes produced the highest EC, 0.230 and 0.196 dS/m, respectively
(Fisher’s LSD: 0.04). In Spring 2017, the 0-mo. and 4-mo. regimes produced the
lowest EC values, 0.143 and 0.156 dS/m, respectively, while the 12-mo greywater
regime produced the highest EC value, 0.502 dS/m (Fisher’s LSD: 0.06). In Fall
2017, the control produced the lowest EC, 0.149 dS/m, while the 4-mo. and 12-mo.
regimes produced the highest EC, 0.249 and 0.251 dS/m, respectively (Fisher’s LSD:
0.02).

Seasonal Soil Analysis – Boron Concentration
Greywater irrigation regime was found to have a significant effect on boron
concentration in all three sampling dates (Table 4.5). In Fall 2016, the 0-mo.
greywater irrigation regime produced the lowest boron concentration, 0.62 ppm,
while the 4-mo. and 12-mo. regimes produced highest boron concentration, 2.28
and 2.39 ppm, respectively (Fisher’s LSD: 0.23). In Spring 2017, the 0-mo. and 4mo. regimes resulted in lowest boron concentration, 1.04 and 2.89 ppm,
respectively, while the 12-mo. regime produced the highest, 8.00 ppm (Fisher’s LSD:
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2.69). In Fall 2017, the control resulted in lowest boron concentration, 0.76 ppm,
followed by the 4-mo. regime, 4.42 ppm, and finally the 12-mo. regime produced the
highest boron concentration, 6.47 ppm (Fisher’s LSD: 0.24).

Seasonal Soil Analysis – Chloride Ion Concentration
Greywater irrigation regime was found to have a significant effect on
chloride ion concentration in all three sampling dates (Table 4.5). In Fall 2016, the
0-mo. greywater irrigation regime produced the lowest chloride ion concentration,
61.4 ppm, while the 4-mo. and 12-mo. regimes produced highest chloride ion
concentration, 184 and 183 ppm, respectively (Fisher’s LSD: 23.8). In Spring 2017,
the 0-mo. and 4-mo. regimes resulted in lowest chloride concentration, 7.44 and
8.55 ppm, respectively, while the 12-mo. regime produced the highest, 96.8 ppm
(Fisher’s LSD: 8.63).

In Fall 2017, the control resulted in lowest chloride

concentration, 5.59 ppm, while the 4-mo. and 12-mo. regimes produced the highest
chloride concentration, 30.9 and 27.1 ppm, respectively (Fisher’s LSD: 5.14).
Seasonal Soil Analysis – Sodium Ion Concentration
Greywater irrigation regime was found to have a significant effect on sodium
ion concentration in all three sampling dates (Table 4.5). In Fall 2016, the 0-mo.
greywater irrigation regime produced the lowest sodium ion concentration, 106
ppm, while the 4-mo. and 12-mo. regimes produced highest sodium ion
concentration, 427 and 420 ppm, respectively (Fisher’s LSD: 159). In Spring 2017,
the 0-mo. greywater irrigation regime resulted in lowest sodium concentration, 97.2
ppm, followed by the 4-mo. regime, 346 ppm, and finally the 12-mo. regime
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produced the highest sodium ion concentration, 1211 ppm (Fisher’s LSD: 51.1). In
Fall 2017, the control resulted in lowest sodium concentration, 66.2 ppm, followed
by the 4-mo. regime, 333 ppm, and finally the 12-mo. regime produced the highest
sodium concentration, 540 ppm (Fisher’s LSD: 26.8).

Discussion
In this study, it was found that a continuous (12-mo.) greywater irrigation
regime reduced visual turf color and density, as well as percent green cover, for the
Gray Fox perennial ryegrass cultivar. Zoom was also negatively affected by the 12mo. greywater irrigation regime, but only in terms of visual turf color and density
ratings. Estelle was negatively affected by the 12-mo. regime, but only in terms of
visual turf color and percent green cover. Allstar 3 and Mighty showed greater turf
color when irrigated at the 4-mo. regime compared to the control. Premium and
Pillar regularly ranked in the highest category of each response variable for turf
quality. The intent of this study was to impose greywater-irrigated soil conditions –
simulating supplemental and continuous disposal applications versus a potable
control – on 11 different lawn-height perennial ryegrass cultivars in the Willamette
Valley of Oregon, in an effort to evaluate the cultivars and determine whether
annual precipitation in the region provides sufficient leaching for safe and effective
greywater irrigation. Based on the results of this study, it can be said that there are
several perennial ryegrass cultivars that are candidates for greywater-irrigated
areas.
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Although the majority of the perennial ryegrass cultivars used in this study
provided acceptable turf quality on average over the treatment period, the
interaction in greywater irrigation regime by date showed significant differences in
the coldest and hottest periods of the year. Shannon (1997) stated that important
environmental factors that interact with salinity include temperature, wind,
humidity, light, and pollution; and that high temperature and low humidity will
decrease crop yield at lower values of EC. Additionally, low-temperature stresses
include damage to membranes, loss of chlorophyll, changes in enzyme activity, and
inhibition of photosynthesis and respiration, all of which can also impact the plants’
ability to tolerate salinity stress as well (Bertrand et al., 2013). However, salinity
stress effects are reduced during periods of increased growth in the spring and fall
for cool-season grasses.
Seasonal soil analyses showed significant differences in chloride, sodium, and
boron concentrations, along with increased EC, as greywater irrigation was applied.
The 4-mo. and 12-mo. regimes exhibited greater values for EC and all elemental
concentrations compared to the 0-mo. regime in Fall 2016 and Fall 2017, suggesting
greywater applications throughout the summer months result in buildup of salts.
The buildup of salts to potentially toxic levels depends on concentration in irrigation
water, amount of water applied, annual precipitation, and soil characteristics
(Harivandi et al., 2008). As hypothesized, annual rainfall occurring between Fall
2016 and Spring 2017 resulted in reduced EC and concentrations of salts for the 4mo. regime. This region of the Pacific Northwest is characterized as a cool-humid
climate with an average annual precipitation of 108.6 cm, which occurs almost
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exclusively between fall and spring (Christians and Engelke, 1994; U.S. Climate Data
1981-2010). However, sodium ion concentration remained significantly greater in
the 4-mo. regime than the control for the Spring 2017 sampling date, suggesting
sodium persistence could be an issue. Studies have shown sodium to be directly
toxic to plants; however, its most frequent negative effect is on soil structure (Oster
et al., 1992; Wescott and Ayers, 1984). Sodium causes breakdown of clay particles,
thus decreasing soil aeration and infiltration (Harivandi et al., 2008). Irrigation
sources with lower sodium absorption ratio (SAR) – the relative proportion of
sodium to calcium plus magnesium ions in the water – should be preferred for turf
and other landscape applications, particularly on clay soils (Harivandi et al., 2008).

Conclusion
Continuous greywater irrigation negatively affected all three responses of
turf quality for Gray Fox perennial ryegrass cultivar, as well as one or two of the
responses of turf quality for Zoom, Estelle, Pillar, Mighty, and Brightstar SLT.
Premium showed no significant effects of greywater applications, and consistently
produced highest turf quality. Allstar 3, Mighty, and Pillar showed some increased
turf quality with supplemental greywater irrigation, suggesting some nutritional
benefit of greywater for certain cultivars – an effect that could be intensified with
the use of actual (non-synthetic) greywater. The results of this study showed that
there are a variety of options for perennial ryegrass cultivars available for turfgrass
areas under greywater irrigation.
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Seasonal soil analyses showed a buildup of chloride, sodium, boron, and
elevated EC with greywater applications. Rainfall from Fall 2016 to Spring 2017
was sufficient to leach chloride and boron, and drive EC values down in the 4-mo.
greywater irrigation regime, although, elevated sodium levels persisted throughout
the study compared to the control. Greywater is a viable irrigation alternative for
the cool-humid Willamette Valley, however, leaching fractions may need to be
implemented in the summer months, and continuous disposal sites may see
decreased turf quality in the winter months.
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Figure 4.1: Effect of greywater irrigation regime on visual turfgrass color rating averaged across 11 perennial ryegrass
cultivars from the 27th June 2016 to the 1st of September 2017 in Corvallis, OR. Visual color ratings were determined using
the NTEP rating system. Values are means (n = 48) and 95% confidence intervals estimated using Fisher’s protected least
significant difference test.
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Figure 4.2: Effect of greywater irrigation regime on visual turfgrass color rating averaged across 11 perennial ryegrass
cultivars from the 27th June 2016 to the 1st of September 2017 in Corvallis, OR. Visual color ratings were determined using
the NTEP rating system. Values are means (n = 48) and 95% confidence intervals estimated using Fisher’s protected least
significant difference test.
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Figure 4.3: Effect of greywater irrigation regime on visual turfgrass color rating averaged across 11 perennial ryegrass
cultivars from the 27th June 2016 to the 1st of September 2017 in Corvallis, OR. Visual color ratings were determined using
the NTEP rating system. Values are means (n = 48) and 95% confidence intervals estimated using Fisher’s protected least
significant difference test.
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Figure 4.4: Effect of greywater irrigation regime on visual turfgrass color rating averaged across 11 perennial ryegrass
cultivars from the 27th June 2016 to the 1st of September 2017 in Corvallis, OR. Visual color ratings were determined using
the NTEP rating system. Values are means (n = 48) and 95% confidence intervals estimated using Fisher’s protected least
significant difference test.
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Tables
Table 4.1 Analysis of Variance of visual color and density ratings, percent green
cover, and soil moisture content (%) on 11 perennial ryegrass cultivars affected by
greywater irrigation regime, cultivar, and date in Corvallis, OR from June 2016
through September 2017.

June 2016 –
September 2017
Source of variation
Greywater Regime (G)
Cultivar (C)
Date (D)
GXC
GXD
CXD
GXCXD

***
**
*
ns

DF
2
10
15
20
30
150
300

Visual
Visual
Percent
Soil Moisture
Turfgrass
Turfgrass
Green Cover
(0-100%)
Color (1-9)
Density (1-9)
(0-100%)
------------------------------- Pr > F -------------------------------ns
ns
ns
***
***
**
***
ns
***
***
***
***
ns
ns
ns
ns
***
***
***
***
***
***
***
ns
ns
ns
ns
ns

Significant at a 0.001 level of probability
Significant at a 0.01 level of probability
Significant at a 0.05 level of probability
Not significant at a 0.05 level of probability
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Table 4.2 Effect of perennial ryegrass cultivar on visual turfgrass color rating over time from the 27th of June 2016 to the 1st of
September 2017 in Corvallis, OR. Means values represent individual data points over 3 replications. Fisher’s protected
least significant difference at P ≤ 0.05 (LSD = 0.29).
Jun16

Jul-16

Aug16

Sep16

Oct16

Nov16

Dec16

Jan17

Feb17

Mar17

Apr17

May17

Jun17

Jul-17

Aug17

Sep17

Premium

7.50

7.78

7.78

7.78

7.11

6.94

6.72

6.17

5.89

6.00

6.78

6.56

6.00

7.00

7.06

7.22

Pillar

7.50

7.11

7.22

7.22

7.28

6.89

6.67

6.28

5.61

5.78

6.33

6.44

5.78

7.11

6.94

7.61

Pepper

7.00

6.67

7.06

7.06

5.67

5.78

5.56

5.44

5.06

5.06

5.39

5.39

4.67

6.72

6.17

6.61

Brightstar
SLT
Estelle

7.39

6.83

6.94

6.94

6.00

6.22

5.78

5.61

4.78

5.11

5.83

5.67

5.39

6.50

6.44

6.83

7.50

7.22

7.17

7.17

6.83

6.50

6.00

6.00

5.33

5.32

6.44

6.17

5.50

6.89

6.89

7.06

Gray Fox

7.50

7.06

7.22

7.22

6.28

6.22

6.11

5.83

5.33

5.61

6.17

5.94

5.39

6.72

6.72

6.83

Allstar 3

7.50

7.33

7.39

7.39

7.00

6.83

6.50

6.11

5.44

5.78

6.17

6.22

5.72

6.94

6.78

7.28

Mighty

7.39

7.11

7.22

7.22

6.39

5.89

5.44

5.50

4.94

5.17

5.89

5.72

5.50

6.44

6.78

6.94

SR4660ST

7.44

7.33

7.50

7.50

6.69

6.50

6.39

5.89

5.28

5.44

6.28

6.22

5.50

6.72

7.06

7.22

Zoom

7.50

7.33

7.50

7.50

6.89

6.83

6.22

6.39

5.50

5.56

6.22

6.17

5.67

6.89

6.78

7.11

Manhattan 6

7.39

7.00

7.39

7.39

6.78

6.50

6.17

5.89

5.39

5.39

6.22

5.94

5.39

6.50

6.50

6.50
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Table 4.3 Effect of perennial ryegrass cultivar on visual turfgrass density rating over time from the 27th of June 2016 to the 1st
of September 2017 in Corvallis, OR. Means values represent individual data points over 3 replications. Fisher’s protected
least significant difference at P ≤ 0.05 (LSD = 0.40).
Jun16

Jul-16

Aug16

Sep16

Oct16

Nov16

Dec16

Jan17

Feb17

Mar17

Apr17

May17

Jun17

Jul-17

Aug17

Sep17

Premium

7.50

7.67

7.94

7.94

7.17

6.78

5.89

5.78

5.67

5.78

6.56

6.67

6.17

6.61

7.50

7.44

Pillar

7.50

7.50

7.67

7.67

7.22

6.94

5.94

6.11

5.72

5.78

6.28

6.33

5.78

6.67

7.33

7.72

Pepper

7.50

7.67

7.61

7.61

6.39

5.61

4.89

4.78

4.61

4.94

5.56

5.33

5.56

6.61

6.67

6.61

Brightstar
SLT
Estelle

7.33

7.11

7.11

7.11

5.94

5.78

5.00

4.94

4.61

4.67

5.67

5.61

5.50

6.33

6.83

7.22

7.50

7.33

7.44

7.44

6.72

6.22

5.17

5.33

5.00

4.94

5.72

5.50

5.44

6.39

7.28

7.39

Gray Fox

7.50

7.56

7.50

7.50

6.33

6.11

5.50

5.50

5.33

5.33

6.06

5.89

5.61

6.72

7.22

6.78

Allstar 3

7.50

7.44

7.78

7.78

7.06

6.72

5.78

5.89

5.56

5.67

6.22

6.11

5.94

7.00

7.17

7.83

Mighty

7.44

7.28

7.44

7.44

6.39

5.89

4.72

4.83

4.67

4.72

5.39

5.39

5.44

6.17

6.67

7.06

SR4660ST

7.50

6.83

7.72

7.72

6.67

6.39

5.33

5.39

5.00

5.17

5.78

6.00

6.22

6.39

7.17

7.67

Zoom

7.33

7.11

7.56

7.56

6.61

6.61

5.67

5.89

5.56

5.50

6.22

5.89

5.72

6.61

6.94

7.39

Manhattan 6

7.50

7.06

7.39

7.39

6.44

6.33

5.22

5.11

4.78

4.94

5.50

5.39

5.33

6.17

6.78

6.72
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Table 4.4 Effect of perennial ryegrass cultivar on percent green cover over time from the 27th of June 2016 to the 1st of
September 2017 in Corvallis, OR. Means values represent individual data points over 3 replications. Fisher’s protected least
significant difference at P ≤ 0.05 (LSD = 1.69).
Jun16

Jul-16

Aug16

Sep16

Oct16

Nov16

Dec16

Jan17

Feb17

Mar17

Apr17

May17

Jun17

Jul-17

Aug17

Sep17

Premium

98.0

94.1

97.4

98.4

96.4

96.8

94.8

91.6

90.4

93.8

99.1

98.0

97.9

98.7

97.2

99.6

Pillar

97.0

90.6

96.9

98.4

96.8

98.0

96.3

93.8

92.6

94.5

99.0

97.7

98.0

98.4

96.8

99.8

Pepper

95.8

85.6

94.8

92.8

83.3

87.5

86.2

84.2

84.8

88.5

97.1

94.4

97.1

97.8

93.6

98.9

Brightstar
SLT
Estelle

96.2

84.6

93.3

92.6

87.9

92.6

90.5

88.6

87.1

90.3

98.5

95.7

97.6

98.1

95.3

98.9

96.8

87.9

94.5

95.4

92.5

95.0

91.9

89.1

88.2

91.1

98.6

96.4

96.8

98.0

96.4

99.5

Gray Fox

96.2

87.5

93.5

94.0

87.4

91.1

89.8

88.9

89.3

92.8

98.3

95.8

96.9

97.7

92.8

98.7

Allstar 3

97.2

90.7

96.8

97.7

95.5

97.2

95.0

92.6

91.5

93.7

99.0

97.6

97.9

98.5

94.8

99.5

Mighty

95.6

85.5

94.6

94.9

89.2

91.5

86.6

85.9

84.7

88.4

97.9

96.0

96.7

97.7

96.2

99.0

SR4660ST

97.2

89.9

95.6

95.8

91.0

93.8

91.6

88.9

87.2

91.1

98.7

96.3

96.9

97.8

95.3

99.4

Zoom

97.4

90.2

96.4

97.1

95.1

97.3

95.0

92.6

92.2

94.6

99.3

97.9

97.6

98.5

96.1

99.6

Manhattan 6

96.5

88.7

95.9

96.6

93.6

96.1

93.5

90.2

89.7

92.0

98.9

96.9

97.4

98.2

96.2

98.8
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Table 4.5 Analysis of Variance of seasonal soil pH, EC (dS/m), boron concentration
(ppm), chloride ion concentration (ppm), and sodium ion concentration (ppm) on
11 perennial ryegrass cultivars affected by greywater irrigation regime and cultivar
in Corvallis, OR from June 2016 through September 2017.

pH
Fall 2016
Source of variation
Greywater Rate (G)
Cultivar (C)
GXC

DF
2
10
20

DF
2
10
20

ns
ns
ns
pH

Fall 2017
Source of variation
Greywater Rate (G)
Cultivar (C)
GXC

***
**
*
ns

DF
2
10
20

Boron
(ppm)

Chloride
(ppm)

Sodium
(ppm)

-------------------------------------- Pr > F --------------------------------------*
***
**
*
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
pH

Spring 2017
Source of variation
Greywater Rate (G)
Cultivar (C)
GXC

Electrical
Conductivity
(dS/m)

*
ns
ns

Electrical
Conductivity
(dS/m)

Boron
(ppm)

Chloride
(ppm)

Sodium
(ppm)

------------------------------- Pr > F -------------------------------***
*
***
***
ns
ns
ns
ns
ns
ns
ns
ns
Electrical
Conductivity
(dS/m)

Boron
(ppm)

Chloride
(ppm)

Sodium
(ppm)

------------------------------- Pr > F -------------------------------**
***
**
***
ns
ns
ns
ns
ns
ns
ns
ns

Significant at a 0.001 level of probability
Significant at a 0.01 level of probability
Significant at a 0.05 level of probability
Not significant at a 0.05 level of probability
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SUMMARY
Three field trials were performed with the objective of investigating
alternative irrigation sources and strategies, in an effort to mitigate issues
associated with potable water-use in landscapes.
In the first experiment, the highest irrigation frequency (16 applications mo1)

consistently produced the greatest turf color, density, percent green cover, and

soil moisture throughout the study period in both years. The lack of root-zone
storage amongst perennial ryegrass cultivars (i.e. no rhizomes and a relatively
shallow rooting depth), combined with the severity of summer drought conditions
in the region (sometimes four consecutive months), as well as the relatively low
mowing height used in this study (which produced a shallow root zone and
decreased overall plant mass), were all contributing factors to the results of this
study.
It was found that the previous recommendation of “an inch per week” is a
conservative approximation for irrigation intensity requirement for the Willamette
Valley of Oregon. Over two years, it was shown that acceptable-quality turfgrass
was provided through applying 2.2 cm per week (12% reduction from the
recommendation).

This was achieved through light-and-frequent irrigation

applications (at least twice per week – with four being better than two), as opposed
to the inferred application frequency of once per week.

Master Gardener

recommendations for the Willamette Valley should incorporate higher frequency of
applications, along with the caveat that the “inch per week” recommendation is
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sufficient for peak water demand, but, in the name of water conservation, schedules
could (and should) be reduced in the early and late summer when ET rates are less.
The second involved the construction of two rainwater-harvesting systems –
one at each end of the technological spectrum – in order to provide budgetary
breakdowns and anecdotal information to aide homeowners in deciding which
system would best suit their needs.
In the third experiment, continuous greywater irrigation negatively affected
all three responses of turf quality for Gray Fox perennial ryegrass cultivar, as well as
one or two of the responses of turf quality for Zoom, Estelle, Pillar, Mighty, and
Brightstar SLT. Premium showed no significant effects of greywater applications,
and consistently produced highest turf quality. Allstar 3, Mighty, and Pillar showed
some increased turf quality with supplemental greywater irrigation, suggesting
some nutritional benefit of greywater for certain cultivars – an effect that could be
intensified with the use of actual (non-synthetic) greywater. The results of this
study showed that there are a variety of options for perennial ryegrass cultivars
available for turfgrass areas under greywater irrigation.
Seasonal soil analyses showed a buildup of chloride, sodium, boron, and
elevated EC with greywater applications. Rainfall from Fall 2016 to Spring 2017
was sufficient to leach chloride and boron, and drive EC values down in the 4-mo.
greywater irrigation regime, although, elevated sodium levels persisted throughout
the study compared to the control. Greywater is a viable irrigation alternative for
the cool-humid Willamette Valley, however, leaching fractions may need to be
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implemented in the summer months, and continuous disposal sites may see
decreased turf quality in the winter months.
The results of these three studies show that alternative irrigation strategies
and sources are available to turfgrass managers of the cool-humid Willamette
Valley. Light-and-frequent irrigation schedules are capable of providing quality
turfgrass stands at reduced irrigation intensities (< 2.54 cm week-1). Domesticproduced wastewater from showers, bathtubs, and clothes washers (greywater) and
harvested rainwater serve as viable irrigation alternatives. These strategies and
sources should be implemented in times of drought, but should be considered for
permanent implementation in the name of freshwater conservation.
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