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ABSTRACT

WATER MANAGEMENT FOR SUSTAINABLE SAND-BASED CREEPING
BENTGRASSPUTTING GREENS

By
Mark David Miller

Irrigation scheduling is an essential component for developing best managemgcepra
for turfgrass. This study investigated the effects of three irrigatioedsiling methods on water
use, leachate quantity, and leachate quality for creeping bent§gasst(s stolinifera..) grown
on a sand-based putting green. Data measured by this study include: irrigatraes;ol
irrigation frequency, leachate volumes, nitrate loading, phosphorus loading, rooting depth, root
mass, putting green quality, percent green ground cover, localized dry spot iacidesg, and
dollar spot occurrence. Annual irrigation volumes for 2010 show the 80% daily potential
evapotranspiration (PET) treatment required the lowest volume (284.7 mm) white rdegith
adjusted irrigation (RDAI) and soil moisture dependent irrigation (TDR) required 340 &nehm
421.9 mm, respectively. The TDR irrigation treatment resulted in the gireateual leachate
volumes in 2010 (397.9 mm) and 2011 (410.8 mm). In both 2010 and 2011 applying 80% daily
PET resulted in the best quality putting green surface. The TDR and RDAidredtad
significantly @ < 0.05) more LDS than the 80% daily PET treatment from 10 Aug. — 18 Oct.
2010 while the TDR had significantly greater LDS incidence from 21 June — 2@dt.

Results show that more frequent irrigation applications at low volumes durimgahtjns

reduces irrigation and leachate volumes and the occurrence of LDS.
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INTRODUCTION

Changes in water use legislation are occurring and affecting thebatitgikand quality
of water for turfgrass irrigation. California drought years in the ©h9d0s resulted in the
imposition of water restrictions. During this time turf managers realizécdtoaptable turfgrass
quality could be maintained with reduced or even deficit irrigation (Doorenbos atigl £384).
Deficit irrigation has great potential in conserving water resourcesripdrate climate areas
where rainfall occurs at fairly regular 10- to 14-day intervalsesiow irrigation volumes could
be used to simply maintain minimum soil moisture levels between periodic raiis é8ass and
Horgan, 2006)Human health and environmental quality concerns have caused many
communities across North America to restrict the use of water movirsggdewnore
enviromentally sustainable turf areas (Cisar, 2004). It is necessamé&up with irrigation

practices that conserve water and ultimately reduce the environmentat ohpaf.

Environmental Stress:

Hot and dry climatic conditions make irrigation vital for plant health and survival.
Drought suppresses growth and causes a loss of turf quality (White, 1996; QadrDurrecan,
2003). Fu and Dernoeden (2009) found drought stress imposed by deep and infrequent irrigation
led to a 16% reduction in root diameter compared with light and frequently idigageping
bentgrass. Allowing the soil volumetric moisture content to reach 4% signijicaduced
lateral spread and caused a 70% reduction in root mass in three annual bliegrassga..)
biotypes (Slavens et al., 2011). Huang et al. (1997) found that water stress néfectéy aoot
distribution and total root growth but also root viability. Persistent root growgkrehnial
grasses is a characteristic that greatly enhances the adaptatigrasd &0 semiarid and arid

climates (Weaver and Zink, 195%juang and Gao (1998) reported that soil drying induced



leakage of organic solutes from roots at different soil depths for all talldgSestuca
arundinaceagcultivars, especially ‘Rebel Jr.” and ‘Bonsai’. The deleteriotextsf of

combined drought and heat stress are associated with damage to cell membrar®g)thbsis,

and antioxidant systems in perennial ryegrass and tall fescue (Jiang arg) PQ@l). Huang

and Liu (2003) found that summer root decline in bentgrass occurred due to both the decreased

production of new roots and the increasing death rate of older roots and that the deddirec

associated with high soil temperatures. Optimum air temperaturesframgg5 to 24C for

shoot growth and soil temperatures from 10 t8CL&r root growth for cool season grasses

(Huang et al., 1998).
Deficit Irrigation:

DaCosta and Huang (2006) found creeping bentgrass irrigated at 80% of actual ET
maintained acceptable quality throughout the summer in New Jersey. Duriali,theceptable
turf quality was maintained at 40% actual ET replacement (Dacosta and Huang, R8063ta
and Huang (2006) observed a significant decrease in creeping bentgrassadueadiiyrigated at
60 vs. 100% ET in the summer. Deficit irrigation may lead to decreased watericisa®ff
(WUE). In 2002, irrigating at 40% ET resulted in a 48% decline in WUE through Aug8t 2 (
d of treatments) and an 82% decline by August 17 (47-d of treatments) comparautialt
levels (DaCosta and Huang, 2006). During cooler parts of the year, irrigating foicita de
schedule may not affect soil water depletion patterns. In the fall tregbereod of 2003,
irrigating at 40, 60, or 80% ET caused no significant differences in soil watetide@mong

three species of bentgrass (DaCosta and Huang, 2006). This finding indicaté$a nee
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implementing different irrigation strategies based on the season, in order ¢ovedihe

maximum amount of water.

Plant water loss can be reduced under water deficit stress by leaf aolliapid stomatal
closure and these mechanisms have been demonstrated in many grasses (Frardaahd B
2001; Xu et al., 2006). There was as much as a 10-day delay in drought stress symptoms
between different varieties of tall fescue (Karcher et al., 2008). This corgdahggnificant
impact on the supplemental irrigation requirements over an entire grovasgnsespecially in
humid regions, where periodic rain can significantly reduce or even elarimaneed for
irrigation. In those cases, the delay of drought stress symptoms would delaydtfie nee

supplemental irrigation and provide additional chances for rainfall to occur.

Irrigation Frequency:

There is an ongoing debate within turfgrass culture whether light and fiteqyugeep
and infrequent irrigation is best. Frequent irrigation of putting greens\ergrerater stress has
been shown to produce shallow rooted turf with reduced tolerance to environmental stress.
Different irrigation timings and volumes affect turfgrass disease,tbraaot production, and
health (Jordan et al., 2003). Jordan et al. (2003) found that irrigating on a 4-day fregquency a
opposed to every day or every other day significantly increased shoot density andgtbot le
density of creeping bentgrass grown on a sand-based root-zone. Jordan et al. (@003) als
recognized that overall turfgrass quality was identical when irrigatitigese frequencies in
Texas. Even with thicker fuller turf, visual quality ratings showed no diffesetge to varying
irrigation frequencies. Irrigating every day was found to contribute todugtemperatures and

low soil aeration (Jordan et al., 2003). Irrigating less frequently could resyriater root
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uptake of water and increased drainage of excess irrigation water, whiah vewel improved

soil aeration and stimulated root growth (Jordan et al., 2003). Qian et al. (1997) proposed that
plants irrigated less frequently produce larger root systems, ullymnaseilting in higher turf

quality. Fu and Dernoeden’s (2009) findings show that creeping bentgrass grovamdh a s
based rootzone and irrigated at visual signs of wilt stress produced a largestat than light

and frequently irrigated bentgrass. Fu and Dernoeden (2009) also found that ¢gjgbtifre

irrigated creeping bentgrass plots used twice the volume of water as thafdegpent plots

both years of their study between 22 May and 31 August. The thatch mat layesavdmscier

for the light-frequent irrigation treatment as compared to deep-infrequegation (Fu and

Dernoeden, 2009).

Frequent or excessive irrigation not only increases costs associatedawath w
consumption, but can reduce environmental stress tolerance and predispose tugf teomjur
mechanical stresses, cyanobacteria, moss, and diseases (Beard, 1973; Dernoedarg2002;
2008). Deep and infrequent irrigation at the time turf shows wilt is genesallynmended in
summer for cool-season grasses (Beard, 1973; Fry and Huang, 2004). Turfgrassésisiabj
deficit irrigation can develop larger root systems and store more galadés than well-watered
plants (Jordan et al., 2003; Fry and Huang, 2004; Dacosta and Huang, 2006; Fu and Dernoeden,
2009). Jordan et al. (2005) stated that a reduction in irrigation frequency preconditiplasithe
to adapt to lower water potentials increasing the overall stress t@erhateral spread of
annual bluegrass increased 50% and inflorescence decreased 25% when irrggpiemcir was
reduced (Slavens et al., 2011). Biran et al. (1981) found that irrigating at the diesepofary

wilting decreased water consumption and overall growth by up to 35% in most grasses.
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A decrease of the irrigation frequency causes an increase of the iweddris the root
zone. A decrease of the water content in the immediate vicinity of the sateslgfds to
reduced evaporation. Infrequent irrigation causes drainage to increasehsdnet remains
low enough not to seriously threaten ground water quality (Mermoud et al., 2005). High soil
moisture levels caused by prolonged periods of rainfall or irrigation cangmnsgsle for large
runoff and nutrient losses even on established dense turfgrass (Linde et al.,NI68&nt, et
al. (1998) found that although the amount of water applied in a daily-irrigated treatasent
greater than in intermittently-irrigated treatment, the amount of leacles greatly reduced by

daily irrigation.

Sass and Horgan (2006) found that daily irrigation results in a large proportion of water
ending up in the upper 5 cm of the soil. Water in this range is more subject to high rates of
evaporation and thus is less useful to the grass. They also found that irrigatirywwtiumes
of water limits the depth of infiltration and that a large volume of wategmeakes it past the
thatch layer. Huang and Liu (2003) found that during the summer months creeping bentgras
roots are mainly in the upper 10 cm of the soil profile. Irrigating past this defith solil is also

a way to waste water because it is unavailable to the plant.

Sensor-Based Irrigation Scheduling:

A common method used for direct measurement of soil VWC is time domain
reflectometry (TDR), which utilizes electromagnetic wave pulsas fnetal probes transmitted
through the soil (Walker et al., 2004). TDR accurately estimated soil watgbriil h
bermudagrass irrigated every 6 days (Young et al., 1997). Irrigation can dievelyescheduled

with soil moisture data by replacing the amount of water lost over a giveanaf time. This
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could lead to more efficient use of irrigation and ultimately water saviRgees and Alva
(2000) demonstrated that capacitance sensors could be used to schedule irrigdtiostofes
in Florida by establishing set points in context with plant available soil watertarging data

collected from sensors.

Li et al. (2004) found that soil water content does not accurately reflect thanaof
plant available water under partial irrigation at variable dosages. Also, bely the water was
depleted from the last irrigation event was the turfgrass canopy condudtameased (Li et al.,
2004). Set moisture contents for timing irrigation is only possible when equal amounts of
irrigation are applied in each run (Li et al., 2004). Finally, precise esbinsatf soil water

depletion were found to be better than measuring soil water directlygLj 004).

Sand-Based Root-Zones:

The USGA specifications for putting green construction have existed since 1960. The
latest specifications came about in 2004 and call for a predominately sand-bazetheoot
Sand-based putting greens have low moisture and nutrient holding capacitieagespedial
management strategies. A low moisture holding capacity requires caaténlmanagement to

mitigate leaching of nutrients and irrigation water.

Research by Johnson et al. (2009) on sand root-zones showed that seashore paspalum
lowers its transpiration rate when the soils fraction of transpirable veateined 0.10 to 0.17.
Transpiration of seashore paspalum grown on organic topsoil diminished when the fraction of
transpirable water reached between 0.25 and 0.31 (Johnson et al., 2009). Capillargddarrier
profiles contain coarse-textured sand or gravel underlying a finerdebsurface layer for the

purpose of inhibiting downward water flow and increasing the water stoepgeity of the
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finer-textured layer (Miller, 1973). Due to the capillary barrier, McG800) found that
turfgrass water use during dry down periods occurs equally at all root-zone dept8&6n U
putting greens. This occurs due to the turfgrass using water at shallower dejpitpsheduday
there by creating a moisture gradient, which at night pulls water from dgepés and
replenishes water in the upper soil layers (McCoy, 2009). USGA greens@emastructed to
have high hydraulic conductivities, which aid them in using a perched water table t@taode

moisture patterns (McCoy, 2009).

Nutrient Loading:

The hydrology of a soil may exert a strong effect on P transfer thisulgsurface
pathways. At a simple level, the amount of rainfall will determine the P exportdrsoil of a
given P status. Baker et al. (1975) found that P export varied considerably froim year
depending on the rainfall and, therefore, the amount of runoff. In addition, the respormse of th
soil to rainfall can determine the P transferred, especially by the extergfefential flow
through the soil (Sims et al., 1998). Jensen et al. (1998) discovered that orthophosphate transfer
only occurred through wide-aperture macropores in structured soils, despit@avatast being
restricted to the same macropores. An increased soil moisture content enhswloésiiP
reactions and improves the migration capability of phosphorus, especially on sasghéviet

al., 1995).

Nitrate leached from putting greens has the potential to impair watetyquratjolf
courses (Petrovic, 1990Nitrate leaching through sand-based golf greens, which have a low
capacity to retain nutrients and water, can be of particular concern (Bta@akn1982). Studies

have found that nitrate leaches faster through immature turf than mature starasetyesmall
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root systems and little thatch accumulation. Rooting medium also affecteddabatasfinitrate
that leached through the profile. Pure sands leached the most and profiles of evadheldanith
10% organic matter and soil leached far less (Brauen and Stahnke, 1995). Pazé@éxl. (
found that nitrate N accounted for >99% of the total mineral N found in leachates finafatsd
USGA greensBowman et al. (1998) found that delaying irrigation could reduce leaching.
Lysimeters watered 1, 3, and 5 days after initial fertilizer applicatidrdiferent amounts of

nitrate leach from their profiles.

Localized Dry Spot:

Environmental consequences of localized dry spot include decreased infiltration of
irrigation water and precipitation, non-uniform wetting of soil profiles, in@@asn-off and
evaportation, and increased leaching due to preferential flow (Dekker et al.).200&a
development of water repellent soils is associated with organic mattergcsatli particles while
inducing hydrophobic properties on their surface area (Ma’shum and Farmer, 1985;addr
Mcintosh, 2000). Soil hydrophobicity can also be impacted by soil wetting and dryleg cy
(Dekker et al., 2001). Dekker et al. (2001b) found that soils have a critical soil watient; a
volumetric water content below the critical level causes a soil to becomsettable in the
field. Soil water repellency reduces actual plant available wafen() because it “locks out”
part of the soil's water holding potential. In severe cases soil watdteecy can render soils
non-usable for crop production as the soil is unable to accept or hold water necegdant for
growth (Hallett et al., 2001). In less severe cases, because wateniailadil@ in parts of the
root zone, it can cause reduced plant performance (Cisar et al., 2001; Leinau@0éva It
has been observed that even after extended wet periods, soil water repellencieaswtipte

flow paths recur (Oostindie et al., 2005).
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Chapter 1

WATER MANAGEMENT FOR SUSTAINABLE SAND-BASED CREEPING
BENTGRASSPUTTING GREENS
ABSTRACT

Irrigation scheduling is an essential component for developing best managemgoepra
for turfgrass. This study investigated the effects of three irrigatioedsiling methods on water
use, leachate quantity, and leachate quality for creeping bentgoaest(s stolinifera..) grown
on a sand-based putting green. Data measured by this study include: irrigatiaes;ol
irrigation frequency, leachate volumes, nitrate loading, phosphorus loading, rooting depth, and
root mass. Annual irrigation volumes for 2010 show the 80% daily potential evapotranspiration
(PET) treatment required the lowest volume (284.7 mm) while rooting depth adjuisf&iioin
(RDAI) and soil moisture dependent irrigation (TDR) required 340.7 mm and 421.9 mm,
respectively. The TDR irrigation treatment resulted in the greatest deaahhte volumes in

2010 (397.9 mm) and 2011 (410.8 mm). The TDR irrigation treatment resulted in the greatest

annual nitrate loading in 2011 (1.36 kg gi(ha'l) compared to the RDAI (0.32 kg I‘gbhafl)
and 80% daily PET (0.11 kg I\Q_Oha_l) treatments. Annual phosphorus loading totals were
significant < 0.05) in 2010 and 2011 with the TDR (0.091, 0.100 kg;'N@[l) treatment
resulting in three times more P loading than the 80% daily PET (0.017, O.O363R@3‘£|](Dand

RDAI (0.032, 0.032 kg N@ hdl) treatments. Data show that reduced irrigation volumes along

with more frequent applications during dry months minimizes the environmentaltiofpac

turfgrass by conserving water and reducing nutrient losses. Howevemgtdizieep and
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infrequent irrigation method would save water during months that receive reguigitption
by allowing precipitation to supply moisture rather than irrigation. Deep aredjugnt
irrigation results in an extended interval allowing for a greater chanmee¢ive precipitation

between irrigation applications.
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INTRODUCTION

Increased water consumption accompanied by declining water quality hloxduge
world has increased interest in water conservation methods but implementaaamsrdifficult
due to a lack of defined management practices. Although putting greensmepressly 3% of
total maintained turf area on golf courses in the United States, these preasnmethe most
input-intensive component of turfgrass environments (Lyman et al., 2007). As vsai@rces
become limited, turfgrass managers may need to rely on irrigation scheduthrapmthat

simultaneously conserve water and reduce non-point source pollution.

Drought conditions during the mid-1970’s resulted in the imposition of water restsict
and the realization that acceptable turfgrass quality could be maintaitectduced or deficit
irrigation (Doorenbos and Pruitt, 1984). Human health and environmental quality coreoens h
also prompted North American communities to initiate water restrictiomeyva aimed at
decreasing water consumption and encouraging sustainable turf managenaenf(0®). It is
not known what effects conservation-based irrigation strategies will have on ta# ove
environmental impact of turfgrass management as few data are avdégdilang the impact of

these strategies on water usage, water quality, or turfgrass response.

Irrigation philosophy (i.e. light and frequent or deep and infrequent) is a debptg dee
engrained within turfgrass culture. Irrigation frequency has been shown to impaug ceyith,
disease incidence, algae formation, and thatch production (Kackley et al., 1980aiith
Dernoeden, 1991). Jordan et al. (2003) found five creeping bentgrass cultivars (‘A-4’,
‘Crenshaw’, ‘Mariner’, ‘L-93’, ‘Penncross’) irrigated every 4 d had improvedigyahoot

density, and rooting depth compared to creeping bentgrass watered every 1-2 il etJalda
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(2005) proposed that a reduction in irrigation frequency preconditions plants to adapt to lower
water potentials, increasing their overall stress tolerance. Fu and Demn@809a) found light
and frequently irrigated ‘Providence’ creeping bentgrass used twieelinmae of water as deep
and infrequently irrigated ‘Providence’ creeping bentgrass between 22mday1 Aug over two
years of study. However, researchers also discovered that applying wWigtéy dwisten the

top 4 to 6 cm of root-zone resulted in excellent summer color and quality of ‘Providence’

creeping bentgrass (Fu and Dernoeden, 2009a).

Researchers have found that deep, infrequent irrigation can negatively impact the
environment. Huang and Liu (2003) discovered that from July through Sept., the majority of
creeping bentgrass root biomass was growing in the upper 10 cm of soil. ngigeldbw the 10
cm root zone depth resulted in additional water losses to deep infiltration (Huaniy a20Q3).
Gerst and Wendt (1983) found that infrequent irrigation at high rates leached astereproot-
zone of bermudagrass (Cynodon dactylon L.) and increased shoot growth ratesonringat
excess of evapotranspiration increased nitrate and phosphorus leaching in sand-tiaged put
greens (Shuman, 2001). To further water conservation efforts, irrigation schedethagm

may need to consider plant rooting depth and soil physical properties (Stewart, 2004).

As water supplies decline, deficit irrigation may become more fregquaaitticed
(Fereres and Soriano, 2007). Turfgrass subjected to deficit irrigation cangmiarger rooting
systems and increase carbohydrate reserves compared to well-waatedJardan et al., 2003;
Fu et al., 2004, Dacosta and Huang, 2006; Fu and Dernoeden 2008; Fu and Dernoeden, 2009b).
Dacosta and Huang (2006) found that irrigating at 60% or 80% evapotranspirationdB®) di
significantly alter colonialAgrostis capillarisL.), creeping, or velvetAgrostis canind..)

bentgrass water use efficiency when compared to 100% ET replacementiciersealso found
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that creeping bentgrass irrigated at 80% ET maintained acceptable tualitghout the
summer but acceptable quality was maintained at 40% ET in the autumn. Freguasoy i
important when applying deficit irrigation. When irrigated at 50% ET, tall fedéestuca
arundinaceaSchreb.) turfgrass quality was improved with shorter irrigation inter2d)sas

compared to longer intervals (4,7, or 14 d) (Fry and Butler, 1989).

Alternative irrigation scheduling methods need to be assessed for theomemertal
impacts as improvements in water conservation could be offset by changespmimicseurce
pollution. Scheduling methods that maintain or improve turf quality may be deleteritws to t
environment. Numerous studies have documented the effects of irrigation volumes and
frequencies on turf (Qian et al., 1997; Jordan et al., 2003; Fu and Dernoeden, 2009a, b).
However, few turfgrass studies have examined the fate of water and nwpphesl to creeping
bentgrass grown on sand-based putting greens under various irrigation schedurieg.reg
Sand-based putting greens have high infiltration rates and inherently low araterutrient-
holding capacities (Johnson et al., 2003). Data are lacking concerning thedfigasation
scheduling methods on water use and nutrient fate on low-input sand-based putting greens in
Michigan. The objective of the study was to compare three irrigation schedulingdsébr

their effects on water usage, leachate quantity, leachate quality, and roatiagteristics.
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MATERIALSAND METHODS

A two-year field study was conducted between Jun. 2010 and Oct. 2011 at the Hancock
Turfgrass Research Center in East Lansing, MI. ‘A-4’ creeping bentgessseeded into nine
11 m x 11 m plots on a sand-based putting green in Aug. 2008. Main plots were divided into
three subplots with lysimeters installed in each subplot to quantify percolateesbnd
nutrient losses. The particle size distribution of the 30.5 cm sand root zone and the 10.2 cm

gravel layer both conformed to USGA specifications (USGA, 1993) (Table 1).

Three irrigation treatments were tested in this field investigation. mterfigation
treatment was defined as 80% replacement of potential evapotranspiratienenRefpotential
evapotranspiration data were collected from the Michigan Automatech&/édetwork website
(http://www.agweather.geo.msu.edu/mawn), which provided data from a weather sizdiedl |
5 m from the putting green. The PET estimation is a reference potential anapotition and
was based on the FAO Penman-Monteith Equation (Allen et al., 1998). Irrigationaicerépt
80% PET occurred at 4 A.M the following morning. When precipitation exceeded 12.7 mm,
irrigation was withheld for the next two days. The two-day interval with no fivigavas
implemented due to daily PET rarely exceeding 7.6 mm in Michigan and 80% reptacéme

7.6 mm over two days would be accounted for by 12.7 mm of precipitation.
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Table 1. Patrticle size distribution for sand used to construct USGA speacifigatiting green.

mm

Particle Size >2.0 1.0-2.0 0.7-1.0 0.5-0.7 0.25-0.5 0.18-0.25 0.1-0.18 0.05-0.1 silt clay

Distribution 0.1 9.8 10.7 16.5 39.2 14.4 6.5 0.5 17
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The second irrigation treatment was referred to as rooting-depth adjustationrig
(RDAI) and was dependent upon soil physical properties and rooting depth. The ain of thi
irrigation treatment was to maintain the root zone volumetric water contentCj\Wétween field
capacity and one-half of the plant available water. The amended sand-basedeasied in
this study was determined to have a 20% VWC at field capacity and a permdtegtpeint
(PWP) of 5% VWC. Field capacity was determined by placing a total of atneated soll
cores in pressure plate extractors set at 0.1 atmospheres of pressul@agttitalequilibrate to
account for the high sand content (Klute, 1986). The PWP was determined by allowingy the t
to wilt and using a time domain reflectometry (TDR) probe (Field Scout TDR 3008isiture
Meter, Spectrum Technologies, East Plainfield, IL) to measure the V\WW@atgioint. A total of
six areas were probed and averaged to estimate PWP. Water lost from-teneonias based
on reference PET. Rooting depth was measured by taking a core from eadthpoi @v2 x
2.5 x 17.8 cm soil profiler (Miltona Turf Products, N Maple Grove, MN) and gently shéhkeng
core to remove excess sand from the roots. The core was placed on the coring device and
measured from the soil surface to include approximately 80% of the availabieasst

The third irrigation treatment (TDR) consisted of using a TDR soil meigitobe to
determine VWC. Irrigation was applied when soil moisture droppedL@ VWC. Irrigation

was then applied to bring the top 7.6 cm of root zone to 20% VWC.

Irrigation treatments were applied to each of the 9 main plots using four Toro TR-50
sprinkler heads (The Toro Company, Riverside, CA) positioned on the plot corners. Each
sprinkler applied 7.6 liters per minute (LPM) for a total of 30.4 LPM during eagatiwn
event. Rain gauges used during irrigation system audits confirmed the rate of O/234nom

of irrigation.
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Lysimeters were installed Aug. 2008 into the 27 subplots on the sand-based putting
green. The lysimeters were constructed from Rubbermaid® 265 liter stockiaviie
(Rubbermaid Commercial Products LLC, Winchester, VA). Two 22.7 kg bags of @®kre
were poured into the bottom of the Rubbermaid® tanks at a slight angle to allowonfader t
towards the drain plug and prevent water stagnation at the bottom of the lysinhgtanseters
were plumbed with 3.8 cm schedule 40 PVC threaded couplings (Spears Manufacturing,
Bolingbrook, IL) connected to 3.8 cm schedule 40 PVC pipe (Harvel, Easton, PA) and
positioned to drain at a 2% slope towards the north end of the green into 18 individual catch
basins. Catch basins consisted of two 265 L stock water tanks stacked on top of one another and
bolted together at the rims. The top tank was then cut off at 20.3 cm from bottom and a lid was
attached to the basin to prevent precipitation from entering. The basins wedarbtine
ground leaving 20.3 cm of tank above ground. The 3.8 cm drainage pipes ran into the basins and
were fitted with 3.2 cm sump pump hose to ensure flow into 19 liter collection bucketsl locate

inside the basins.

Plots were mowed five times weekly during the growing season at a height ain3.2 m
using a Toro Greensmaster 3150-Q triplex greens mower (The Toro CompamgidRivEA),
with clippings removed. Sand topdressing was applied at a rate of 0.25 cm everyeather w
throughout the growing season. Sand was brushed into the green and irrigation applied for a 5
min period to move sand into the thatch layer. The putting green was aerified on 15 Oct. 2010
with a Toro ProCore 648 with 0.95 cm diameter hollow tines at 5 cm spacing. Sand was top-

dressed onto the green and brushed into the aerification holes.
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Total fertilizer for each of the two growing seasons was 145.6 kd]l\ybafl, 6.1 kg
P,Os ha’, and 94.8 kg KO ha’. Plots were fertilized with 24 kg N Haon 19 May, 6 Oct., 12
kg N ha'l on 9 Sept. and 21 Sept., and 37 kg |\er 1 Nov. 2010 using a 19-0-15 (N-P-K)

granular fertilizer (2.37% urea, 9.74% WSN, 6.89% WIN, K a®K15% potassium sulfate,

2.0% K-mag, 7.7% S, 0.05% Cu, 1.05% Fe, 0.05% Mn, 0.05% Zn, Andersons Golf Products,

Maumee, OH). In 2011, plots were fertilized with 24 kg leum 16 May, 14 Sept., 14 Oct.,

and 37 kg N h& on 1 Nov. 2011. Nitrogen was applied as a foliar spray on 24 Jun., 30 Jun., 12

July, 26 July, 10 Aug., 25 Aug. 2010 and 6 Jun., 22 Jun., 6 July, 20 July, 8 Aug., and 22 Aug.
2011 using an 18-3-4 (N-P-K) liquid fertilizer (2.0% amoniacal nitrogen, 1.5% nittabgemn,
14.5% urea nitrogen, 3.0% available phosphoric acid, 4.0% soluble potash, 0.12% chelated

copper, 1.0% chelated iron, 0.1% chelated manganese, 0.1% chelated zinc, Grigg,Brother
Albion, ID) at a rate of 6.1 kg N ﬁla Granular treatments were applied and irrigated with 1.3

mm water to avoid fertilizer burn.

Fungicides were applied curatively to avoid turf loss. Chlorothalonil [1,3-

benzenedicarbonitrile,2,4,5,6-tetrachloroisophthalonitrile] (54.7 klg neas applied on 15 July
2010 and (47.34 kg hla) on 27 July, 10 Aug, and 22 Sept 2010. Chlorothalonil [1,3-

benzenedicarbonitrile,2,4,5,6-tetrachloro-isophthalonitrile] was applied (54.741&@h£0

July, 8 Aug, and 22 Aug in 2011. Boscalid (BASF) [3-pyridinecarboxamide, 2-chlodo-N-(
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chloro(1,1’-biphenyl-2-yl)] was applied (0.55 kg_%)aon 13 Aug 2011 to control dollar spot

(Sclerotinia homeocarpg.T Bennet).

Irrigation volumes were measured and determined by an irrigation audittoaneis6
rain gauges placed within each main plot and running irrigation for 20 min. lngailumes
collected during 20 min. were averaged between the six rain gauges. Tdgeawdume was
then divided in half to determine the irrigation application rate per 10 min. Tgeion system

was determined to applied 2.54 mm water per 10 minute interval.

Leachate volumes were measured and subsamples analyzed for total dissmivked N
orthophosphate. Lysimeters were emptied after every precipitationgation event that
generated leachate. A sub-sample of leachate was collected fronf dathoee subplots in
125 ml Nalgene® bottles and mixed to create a representative sample for tech afain
plots. Leachate was analyzed at the Michigan State University Stilg eéaboratory (East
Lansing, Ml). Soluble phosphorus was measured according to EPA-600/R-93/100, Method
365.1 (USEPA, 1993). Nitrate-nitrogen was measured by soil nitrate analysidrbyum
reduction (Huffman and Barbarick, 1981). The volume of leachate collected fobns@aplot
multiplied by the nutrient concentration data from each sample were useduiateatotal

nutrient load for the season.

Root length was determined by removing one soil core per sub-plot measuring 10.2 cm X
2.5 cm x 17.8 cm (Miltona Turf Products, N Maple Grove, MN). The soil core was removed and
shaken for 15 s over a plastic bucket to remove loose sand from root tissue. The saud-free

sample was placed back onto the soil profiler with roots fully extended. Root leagth w
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measured to the point where approximately 80% of the total root mass extendeaoflings r

depth was also used for calculating irrigation quantities in the RDAI tezétm

The experiment was a completely randomized design with 3 subplots within each of 9
main blocks to add power during statistical analysis. All data were subjectedysisaof
variance using the SAS 9.2 (SAS institute Inc., Cary, NC) mixed model procedua®. Me

differences were separated using Fisher’s Least Significant@®iffe.
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RESULTS AND DISCUSSION
Environmental Data

Differing climatic conditions between each year of the two-yeaygtuavided an
opportunity to examine three irrigation scheduling methods during different weaitierns
(Fig. 1). Months were classified as wet or dry depending precipitation refatikre 30-yr mean
precipitation for that month in East Lansing, MI. The 30-yr mean May through Oct.
precipitation for East Lansing, Ml was (69, 86, 69, 81, 86, and 58 mm) for each of these months,
respectively. In 2010, June and Sept. precipitation exceeded the 30-yr monthly means,
classifying these months as wet. The July and Aug. 2010 precipitation totalsel@xe30-yr
monthly means by 18 and 66.5 mm, respectively, thus classifying these months @stdry
2010 received 35.8 mm of precipitation which was below the 30-yr monthly mean clagsifyin
Oct. as a dry month. In May 2011 (wet month), plots received twice the 30-yr momwrtity m
precipitation, replacing more moisture than lost to PET. June 2011 (dry month) det@ite
mm of precipitation which was below the 30-yr monthly mean of 86 mm. July 2011 received
10.4 mm of precipitation for the first 26 days (dry month) but received 114.6 mm of prtemipita
in the final four days resulting in above average precipitation for the month. August 2011 (dr
month) received 78.2 mm of precipitation which was slightly less than the 30-yr gnoreghah
but was not sufficient to account for PET. Sept/Oct 2011 weather data were combitethdue
experiment ending 5 October. Sept. through 5 Oct. 2011 was classified as dry dueittgrecei
67.3 mm of precipitation, which was below the 30-yr monthly mean. Spring-time conditions
over both years were considered wet due to precipitation exceeding 30-yr nmeéns.
During each summer, plots experienced at least two consecutive months of tihgrwea
July/Aug. 2010 and June/July 2011. Autumn of 2010 was classified as wet in Sept. and dry in

Oct. and autumn of 2011 was classified as dry.
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Fig. 1. Potential evapotranspiration (PET), precipitation, and the 30-year snorgah
precipitation for East Lansing, Ml, 2010a, 2011b. For interpretation of the referercssrtin
this and all other figures, the reader is referred to the electronic verdius tfesis.
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Irrigation Volumes

Irrigation volume data show significamt € 0.05) differences 9 out of 10 months, and for
the 2010 annual total volumes (Table 2). Irrigation treatments differed in June 201Qhehere
TDR treatment required the least water (31.2 mm) followed by the 80% daiyoEX rim) and
the RDAI (67.3 mm). July through Sept. 2010 irrigation volumes resulted in TDR > RDAI >
80% daily PET (Table 2). The RDAI irrigation treatment utilized the least anoduvdter in
Oct. 2010. Total annual irrigation volumes for 2010 were significantly diffepen0(05) with
the TDR treatment using 421.9 mm of irrigation, followed by the RDAI and 80% daily P
treatments with 340.7 and 284.7 mm, respectively. For 2011, the TDR irrigation treatment
required the lowest irrigation volume during May, but June and July data show the 80% daily
PET irrigation treatment required less water than the RDAI and TDR.Cae@011 irrigation
volume data show the RDAI and TDR treatments required the least amount of water. N

treatment differences were observed for the total annual irrigation volumes for 2011.

Irrigation volumes over both years resulted in two trends depending on whether the
month was relatively wet or dry and if PET values were high or low. June 2010 and May 2011
resulted in the TDR irrigation treatment using the least water and the 8% E& using less
than the RDAI. When irrigation treatments were initiated each year, s@tur®ivas high, PET
was low, and plots received timely precipitation. These climatic conditisnkead in the TDR
treatment requiring one and two irrigation cycles for June 2010 and May 2011, respectivel
(Table 4). The 80% daily PET treatment required irrigation following anyrdayPET losses
exceeded precipitation, leading to irrigation applications to relativelgailst RDAI volumes
were dependent on rooting depth and PET losses. When timely precipitation waginetire

and rooting depth was shallow, 100% PET was applied more frequently leadingiéo grea
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irrigation volumes than the TDR. This finding was in line with Fu and Dernoeden (2009b) that
found light frequently irrigated creeping bentgrass plots used twice the volunaesfas deep,

infrequently irrigated plots.

Irrigation volume data from July to Oct. 2010 and June to July 2011, show that the TDR
irrigation treatment required more water than either the 80% daily PET or.RB#Aih of these
periods were characterized as dry with high PET losses requiring supplemigaibn for
plant health and survival. Over 70% of soil moisture fluctuation occurs in the top 4 cm of soil
(Sass and Horgan, 2006). The TDR treatment scheduled deep irrigation when the top 7.6 cm of
soil dried out. This portion of soil dries out faster than the lower soil profile due éagegroot
density (Carrow, 1996). Relying on soil moisture in the top 7.6 cm to schedule deep-mtfreque
irrigation may have resulted in greater irrigation volumes and frequeheaieste plant required.
Precise estimations of soil water depletion were found to be better than imgasurwater
directly (Li et al., 2004). The RDAI irrigation treatment took rooting depth alsasd?ET data
into account when scheduling irrigation, thus avoiding over application. The 80% daily ET
treatment required the least water due to lower application volumes than Rli€teprand did
not depend on precipitation to realize water savings. July-Sept. 2010 and June-July 2011 data
show the 80% daily PET treatment used approximately 80% of the irrigation thddtie R

utilized, resulting in significantlyp(< 0.05) lower irrigation volumes.

The RDAI treatment conserved more water than the 80% daily PET treatmaentt in O
2010 due to low PET and timely rainfall. Low PET in Oct. 2010 extended the irrigatiorainter
for the RDAI treatment resulting in increased opportunities to receivepedicn. Sept/Oct
2011 irrigation volume data show the TDR used the least water, while the 80% daily BET use

the greatest volume. Despite ample precipitation, the 80% daily PET treatasemtigated 20
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times while the RDAI and TDR treatments were irrigated two and one, tresgzectively (Table
4). During months that received precipitation on a regular basis, the 80% daityelaEient

applied water unnecessarily between precipitation events.

Annual irrigation volumes for 2010 were greatest for the TDR treatment dsirdae to
over estimating the amount of irrigation to apply and applying too frequently dbhgremmer
months. The TDR treatment also used more water due to irrigation being scheduléal pri
natural rainfall events. If the soil reached 10% VWC during the day, irrigatioschasiuled
for the following morning regardless of the weather forecast, which sop®etasulted in
irrigation being applied at night within proximity of precipitation events. Th&RRatment
ranked second for 2010 annual irrigation volumes primarily due to applying 100% PET when
water savings were not realized during periods with minimal precipitatiomevaisehe 80%
daily PET treatment saved water by applying 80% PET. Annual irrigation volom2811
were not significant due to the TDR treatment using the least irrigatiorgdbe spring and
autumn, while the 80% daily PET treatment used the least irrigation duringrilvgga The
RDAI treatment was intermediate in water use during most months. Altersatieduling
methods has the potential to result in greater water savings than utilizinghedelsng method

over the course of a year.
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Table 2. Total water volume applied to creeping bentgrass putting greenshwaderrigation
methods, 2010-11, East Lansing, MI.

Irrigation Method June July Aug. Sept. Oct. Yearly Total

80 % daily PETT 49.0 86.6 90.4 36.1 22.6 284.7

RDAIt 67.3 100.1 110.8 47.1 15.4 340.7
TDRY 31.2 150.7 142.2 71.1 26.7 421.9

LSD (0.05) 8.4 4.0 28.0 10.3 2.2 23.3

2011
Irrigation Method May June July Aug. Sep/Oxearly Total
s s M

80% daily PETT 34.8 86.1 97.5 50.3 44.5 313.2
RDAIf 447 111.8 117.6 50.2 27.8 352.1
TDRY 34.3 122.6 105.0 57.2 17.8 336.8
LSD (0.05) 0.02 19.7 15.7 NS 111 NS

T 80% daily potential evapotranspiration
¥ Rooting depth adjusted irrigation
1 Time domain reflectometry based deep and infrequent irrigation
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L eachate Volumes

Leachate volume data show significgnt(0.05) differences four of five months in
2010, three of five months in 2011, and for both 2010 and 2011 annual total volumes (Table 3).
June 2010 leachate volume data show the TDR irrigation treatment produced e [dem
the 80% daily PET and RDAI treatments. July through Sept. 2010 leachate volume degd resul
in TDR > RDAI> 80% daily PET. Total annual leachate volumes for 2010 showed the same
trend as July-Sept. with the TDR treatment producing more leachate than theuRD20%
daily ET treatments. June through Aug. 2011 leachate volume data show a trend of TDR >
RDAI > 80% daily PET, which was similar to the dry months of 2010. Total 2011 annual
leachate volume data resulted in the TDR irrigation treatment producing théeaubsite (411
mm) and the 80% daily PET and RDAI being similar, producing 249 and 223 mm, respectively

(Table 3).

Leachate volume data followed a pattern where dry months resulted incaigref p <
0.05) and wet months or months with low PET did not. June and Oct. 2010 and May, Aug., and
Sept/Oct. 2011 were relatively wet months where irrigation was rarely edquivhen
precipitation was the primary source of moisture and irrigation volumessiveilar among
plots, leachate volumes were similar. June 2010 leachate results can besdttabutgation
and precipitation being applied to soils near field capacity for the 80% dailyaRd RDAI
irrigation treatment. The TDR treatment applied irrigation once June 2010 (Tablaet), w
resulted in the lowest leachate volumes. Aug. 2011 leachate volume data can bedelplaine
the TDR treatment keeping the majority of the 30.5 cm solil profile near aplacdy resulting
in precipitation in excess of field capacity to be drained from the profile. TiAd &2l 80%

daily PET treatment were only irrigated to supply moisture to the depth of the rootazocie
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allowed precipitation to be stored below the root-zone instead of forcing ledutuatgtt the
profile. Morvant, et al. (1998) found that although the volume of water applied in a daily
irrigated treatment was greater than in an intermittently-irrigagadrnrent, the amount of
leachate was greatly reduced by daily irrigation. During dry periodsAlg. 2010 and June-
July 2011, the 80% daily PET and RDAI irrigation treatments resulted in tleside@achate
volumes. The 80% daily PET and RDAI aimed to diminish the amount of irrigation thatttavel

past the root-zone, resulting in less overall leachate.

Leachate for the 80% daily PET and RDAI treatments primarily occutnexgdor after
large precipitation events. The TDR treatment resulted in leachateydattetlirrigation and
after precipitation events, resulting in the largest volumes. The TDRhgraproduced the
greatest annual leachate volumes across 2010 and 2011. The TDR treatmedtinegudtaer
annual leachate volumes due to greater volumes being collected during dry niwenisev
80% daily PET and RDAI treatment produced little leachate. Schedulingtiongo reduce
water from draining below the root-zone resulted in lower volumes leaching frasaridebased

putting green.
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Table 3. Total leachate volume from creeping bentgrass putting greenshreddrrigation
methods, 2010-11, East Lansing, MI.

2010
Irrigation Method June July Aug. Sept. Oct. Yearly Total
S, e M
80% daily PETY 68.5 56.8 254 102.3 9.2 262.3
RDAIf 59.1 64.9 48.7 98.0 104 281.2
TDRY 40.5 120.1 84.2 141.1 12.2 397.9
LSD (0.05) 7.2 46.7 38.2 28.8 NS 104.2
2011

Irrigation Method  May June July Aug. Sept/Oct  Yearly Total

N e VA
80% daily PETT 62.2 38.5 27.0 63.7 57.6 249.0
RDAIf 62.3 39.9 29.3 53.7 38.2 2234
TDRY 63.7 104.3 87.3 1055 50.0 410.8
LSD (0.05) NS 41.1 45.8 42.7 NS 153.7

T 80% daily potential evapotranspiration
T Rooting depth adjusted irrigation
1 Time domain reflectometry based deep and infrequent irrigation
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Irrigation Frequency

Irrigation frequencies were significantly differept<{ 0.05) for all 10 months of the
study (Table 4). The 80% daily PET treatment was the most frequentlyadigdile the TDR
was the least frequently irrigated. During periods of wet weather (S#[@6@0 and Aug.-
Sept/Oct. 2011), there were no differences in irrigation frequency between tHeaRDADR
treatments. Precipitation allowed the RDAI and TDR treatments todfameggation for
extended periods, where as the 80% Daily PET treatment would resume irrigatitiar2 d a
precipitation events 12.5 mm. When PET was low (June, Sept-Oct. 2010, May, Aug-Sept/Oct.
2011), the TDR treatments top 7.6 cm did not dry out as quickly, allowing for longer iaterval
between irrigation. During times of high PET, the RDAI treatment had higheatiamg
frequencies than the TDR due to the small amount of plant available water useebidesthe
RDAI treatment. Moisture was extracted throughout the rooting depth for bd&biseand
TDR. However for the TDR, the top 7.6 cm of the soil profile had to dry down to 10% VWC
leading lower to irrigation frequencies. The RDAI treatment calculasgdnioss using PET,
which during hot months resulted in more frequent irrigation. Frequent irrigagiamtze 80%
daily PET treatment, may increase costs associated with water cormuanuireduce the
plants environmental stress tolerance predisposing the turf stand to injury friranical

stresses, cyanobacteria, moss, and diseases (Dernoeden, 2002; Turgeon, 2008).
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Table 4. Irrigation frequency from creeping bentgrass putting greens urekeirtigation
methods, East Lansing, MI.

2010

Irrigation Method June July  Aug. Sept. Oct. Yearly Total

80% daily PET% 130 240 280 140 9.0 88.7

RDAI 40 60 80 30 1.0 22.0

TDRY¥ 10 40 47 30 10 13.7

LSD (0.05) NSt NSt 07 NSt 07 7.7
2011

Irrigation Method May  June July  Aug Sep/Oct Yearly Total

80% daily PET* 11.0 21.0 24.0 15.0 20.0 91.0
RDAIY 4.0 9.0 8.3 4.0 2.3 27.7
TDR¥ 2.0 5.7 5.7 3.0 1.0 17.3
LSD (0.05) NSt 0.7 11 1.2 0.7 2.2

TStatistical analysis could not be run due to extremely small mean standard e
¥ 80% daily potential evapotranspiration

1 Rooting depth adjusted irrigation

¥ Time domain reflectometry based deep and infrequent irrigation
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Nitrate L oading

Total dissolved nitrogen was significapt< 0.05) two of six months in 2010 and three of
five months and the annual total in 2011 (Table 5). The TDR treatment resulted in@dour-f
increase in the amount of dissolved nitrogen leaching through the putting greendanarfi¢e
Oct. 2010. TDR nitrate loading was greater for June, July, and Sep/Oct 201 Xktyr aff4,

10, and 10, respectively, as compared to the other treatments. Annual 2011 nitrate laading da
show the TDR treatment leached more than 12 and 4 times the amount of nitrate as the 80%

daily PET and RDAI irrigation treatments, respectively.

All irrigation treatments maintained similar leachategN@ncentrations during the

course of the study. Since concentrations did not differ, leachate volumes wareitigefactor

for overall NG loading. Shuman (2001) noted that irrigation in excess of ET rates enhanced

nitrate and phosphorus leaching in sand-based putting greens. The TDR treatmertia#iel not
PET into account when applying irrigation and resulted in water applicationslexg&&ET.
Nitrate is weakly adsorbed in sand-based systems and large flushesromagtresult in
preferential flow and increased nutrient leaching. Decreasingtiongates per application
with increased frequency is the most practical approach for preventieggotel flow and
subsequent nutrient losses from soil (Barton and Colmer, 2006). High soil moisture levels
caused by prolonged periods of rainfall or irrigation can be responsible for largeandoff

nutrient losses even on established dense turfgrass (Linde et al., 1995). Sé@i@dbading

data were likely significant due to a granular fertilizer application of 24.4 kg]l\bh 14 Sept.

2011 followed by 53.1 mm of precipitation before the conclusion of the experiment on 5 October

2011.
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All treatments produced similar amounts of leachate from SeptembeoheDé&t 2011.

Although the TDR only had irrigation applied once during this time, this treatnaenarger

NOs3 concentrations resulting in increasedN@ads. All treatments received the same

fertility, which raises the question as to why the TDR treatment Idanloee nitrate. Localized
dry spot was more prevalent on TDR plots during Sept. resulting in large patcbassdfed
turfgrass. When turfgrass is either dormant or senesced it can contributesiot tegding
through vegetative losses (Steinke et al., 2007), resulting in increased nutdbimgea
Differences in microbial populations may also be the cause nitrate loadiageddés. Clein
and Schimel (1994) found that a single short drying-rewetting event reducedtbiadiectivity in
Alaskan birch litter by greater than 25% over a two month laboratory incubatienTOR
treatment resulted in multiple drying-rewetting cycles over the carde growing season, and
may have reduced the amount of active microbes in the soil by the end of the seasopaaed
to the 80% Daily PET and RDAI treatments. Some studies suggest that idargede
availability in the summer is due to root death caused by heat and droughtestiass 1o
reduced nutrient uptake (Geron et al., 1993). Soil nitrate levels drop in the spring doe tall
increased root growth and uptake (Hull and Liu, 2005). Yearly loading totalggveatest for
the TDR and RDAI treatments due to large flushes of water moving through the saled prof
resulting in greater nitrate leaching. The 80% Daily PET treatmenieadied following large

precipitation events which may have allowed for increased plant uptake of bétateen events

and less N@ available to leach.

Leachate from any treatment rarely hadq\€ncentrations greater than 10 ppm, which

is the maximum concentration set for drinking water by the EPA (U.S. Enviroahirotection
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Agency, 2012). Brauen and Stahnke (1995) found that applying 195.3 é,ighbi%)to turf

grown on straight sand resulted in minimal nitrate leaching. Reseaatbersoted that N

accumulation in leachate was reduced during the second fall aftersstadsit due to a more
developed root system and higher organic matter content. Annual nitrate leatdlsépt 2011

were considerably less than 2010. Denitrification is increased in soils wittaagié 8.0 and

could be the cause of low NOoading values (Bremner and Shaw, 1958). The pH of the sand-

based putting green used in this study was 8.1 as indicated by a soil test frod®d EepiSoil
moisture status may also affect denitrification. Bremner and Shaw (1958) fousdithavith
moisture levels greater than 60% of total moisture holding capacity gesuitecreased

denitrification. The 80% daily PET treatment kept soil moisture near fiplacdsg, potentially

causing increased denitrification and reducing the concentration pfiN@achate. However,

relying on denitrification to reduce nitrate leaching should not be a goalegiptied nitrogen is
not beneficially utilized. In order to reduce nitrate leaching and optimizegaitruse efficiency,
turf managers may need to consider irrigating with lower water volumes ipircaton with
longer periods between individual irrigation events. Extending the time betwigation
events may allow the roots and soil to immobilize the N and reduce the amount of Solluble

soil solution (Bowman et al., 1998).
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Table 5. Effect of three irrigation methods on total dissolved nitrogen in leachiatereeping
bentgrass putting greens, 2010-11, East Lansing, MI.

2010

Irrigation Method June July Aug. Sept. Oct.  NovYearly Total

R KQg NONE emememememmemememene
80% daily PETYt 0.35 0.05 0.19 0.72 0.04 0.01 1.35
RDAIT 0.40 0.45 0.44 0.81 0.07 0.02 2.20
TDRY 0.50 0.14 0.60 0.75 0.32 0.02 2.33
LSD (0.05) NS NS NS NS 0.17 0.01 NS

2011

Irrigation Method May June July Aug. Sep/Oct  Yearly Total

---------------------- R0 —
80% daily PETt 001 002 002 005 001 0.11
RDAIt 003 005 003 013  0.09 0.32
TDRY 002 008 021 012 093 1.36
LSD (0.05) NS 004 011 NS 0.51 0.59

T 80% daily potential evapotranspiration
¥ Rooting depth adjusted irrigation
1 Time domain reflectometry based deep and infrequent irrigation
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Phosphorus L oading

Phosphorus loading data were significgnt 0.05) five of six months in 2010, two of
five months in 2011, and for the annual totals over both years (Table 6). June 2010 data show
the RDAI and TDR irrigation treatments resulted in greater soluble Fsldsse the 80% daily
PET. July-Sept. 2010 P loading data show that the TDR treatment resulted in diveinoes
more soluble P than the RDAI and 80% daily PET treatments. In Oct. 2010, the TJaRarri
treatment leached eight times more soluble P than the 80% daily PET treatmeniat@e P
loading for 2010 show the TDR treatment produced over five and three times more soluble P
leaching than the 80% daily PET and RDAI treatments, respectively. In Jyr20ddl, the
TDR treatment leached up to ten times more soluble P than the other treatmehtwagi
similar to the results from summer 2010. Annual soluble P loading for 2011 resulted inRhe TD

treatment leaching three times more soluble P than the other two treatments.

The risk of soil P leaching is considered to be minimal, though the risk of downward P
movement increases on sand and sandy loam textured soils (Reddy et al., 1978pGdliam
1985; Mansell et al., 1985). Sandy soils subject to P loss due to reduced cation exchange
capacity, low organic matter, and increased rates of water percolatiors (¢tal., 1996;

Johnson et al., 2003). Increased soil moisture enhances P solution reactions and itmproves t
migration capability of phosphorus, especially on sandy soils (Meissner E3%b).

Phosphorus loading treatment differences for 2010 were influenced by leachate vol
differences. In June 2010, the TDR and RDAI treatments leached the mosly daeyto
preferential flow caused by large irrigation volumes at or near solil fegddaity. Preferential

flow paths may be responsible for the majority of the subsurface P transfeolv@issactive P

losses in subsurface drainage water can be substantial when conditions for laschangrable
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or promoted or when preferential flow is present (Duxbury and Perverly, 1978; Geehaing
2001; Jamieson et al., 2003). Jensen et al. (1998) found that orthophosphate transfer only
occurred through wide-aperture macropores in structured soils, despite wateotlogmng

restricted to the same macropores.

Baker et al. (1975) found that P export varied considerably from year to year dgpendi
on the intensity of precipitation and surface runoff. During June through Aug. 2011, P loading
totals were higher than that of June-Aug. 2010. During the span from 1 Sept — 5 Oct 2011, little
P was leached from any treatment. A soil test taken 4 Oct. 2011 revealed 11 ppitaloieava
phosphorus which is considered low (Carrow et al., 2001). Low phosphorus levels naay expl
why no phosphorus leached the last month of the study. Decaying plant matter couleemave b
a source of soluble P during the study. Steinke et al. (2007) found that P leached from dead
vegetation was a significant source of P found in run-off. The TDR treatment ohtange
areas of blighted turf which may have been a source of P in the present studgl 20driutotal
phosphorus loading differences could be attributed to the significant differencedulysgce

no other monthly loading totals were significant.
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Table 6. Effect of three irrigation methods on loading of soluble P in leachaterfeemping
bentgrass putting greens, 2010-11, East Lansing, MI.

2010
Irrigation Method June  July  Aug. Sept. Oct. Nov. Yearly Total
-------------------------- kg soluble =3

80% daily PETT 0.000 0.002 0.000 0.013 0.001 0.001 0.017

RDAIt 0.010 0.001 0.000 0.016 0.004 0.001 0.032

TDRY 0.007 0.011 0.021 0.040 0.008 0.003 0.091

LSD (0.05) 0.004 0.008 0.018 0.012 0.006 NS 0.036

2011

Irrigation Method May June July Aug. Sep/Oct  Yearly Total
--------------------- kg SOluble P-hg—-—wmwmeeemeemes

80% daily PETT 0.011 0.002 0.004 0.019 ND 0.036

RDAIf 0.011 0.003 0.004 0.014 ND 0.032

TDRY 0.015 0.027 0.027 0.031 ND 0.100

LSD (0.05) NS 0.016 0.019 NS NS 0.050

T 80% daily potential evapotranspiration
T Rooting depth adjusted irrigation
1 Time domain reflectometry based deep and infrequent irrigation
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Root Depth

Root depth was significanp € 0.05) on one of five dates in 2010 (Table 7). The 80%
Daily PET and RDAI treatments produced the greatest rooting depths on 2 Nov. 2010, each
maintaining a 15.0 cm root zone. Rooting depth was significant on two of six dates in 2011.
The TDR treatment produced the greatest rooting depth on 1 Aug. 2011 while thaRDA

TDR treatment both resulted in greater rooting depths by mid-September.

Turfgrasses subjected to deficit irrigation can develop larger ro@nsgsand store more
carbohydrates than well-watered plants (Jordan et al., 2003; Fry and Huang, 2004 Bradost
Huang, 2006; Fu and Dernoeden 2008; Fu and Dernoeden, 2009a,b). Root respiration decreases
in many plants during periods of water stress, ‘Volkamer’ len@imys volkameriand an.)has
30-50% lower root respiration under water stress than well watered plants ¢Ba}l, 1997,
2001). Reducing root-zone temperature has also shown to increase root growthgfexpor
cytokinin from roots, leaf photosynthesis, chlorophyll content, protein synthesis, and shoot
growth in several species (Skene and Kerridge, 1967). Increased photdogspivdthigh root
zone temperatures are the main causes of summer root die-back. Excesgivegcurs when
turf is watered frequently, and growth is maintained through carbohydrate seséiues,
watering frequently may have caused a reduction in rooting depth in the 80% daily PET

treatment due to increased shoot growth and decreased photosynthate assimilation.

Data for 2 Nov. 2010 may be explained by decreasing temperatures and low PET value
in combination with a saturated root-zone. Periods of freezing nights and thawirayelaysre
apt to cause damage to turfgrass than constant freezing temperature)(B¢l Beard (1973)
found that temperatures from 10-18 C were optimal for root growth of cool-seassesgras

Night time soil temperatures began to fall below 10 C consistently &t@ctober 2010. If
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aeration does not become limited, periods of high soil moisture reduces the numberlad dept
roots (Madison and Hagan, 1962). In Nov. 2010, the TDR treatment had higher soil moisture
levels than the other two treatments, possibly causing the reduction in rooting deptkoilLo
temperature combined with phosphorus deficiency could have accelerated root mortiadity

TDR treatment resulting in the shallowest rooting depth.

Jordan et al. (2003) found that irrigating on a 4-day frequency as opposed to every day or
every other day significantly increased shoot density and rooting density ohgréepitgrass
grown on a sand-based root-zone. With high PET throughout June and July 2011, the RDAI
treatments interval between irrigation and precipitation was once evedy @48ch may not
have been great enough to result in rooting potential differences. Rooting depths for a
treatments decreased from 1 Aug. — 29 Sept. 2011 which may be explained by supraoiptimal s

temperatures causing increased root mortality.
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Table 7. Rooting depth of creeping bentgrass putting greens under threenmgathods,

2010-11, East Lansing, MI.

2010

Irrigation Method July2  Aug. 2

Sept. 15 Oct. 15 Nov. 2

e CM o m e
80% daily PETY 11.9 10.2 104 11.9 15.0
RDAIf 13.2 11.9 12.4 12.7 15.0
TDRY 13.0 13.0 12.4 14.2 12.4
LSD (0.05) NS NS NS NS 1.5
2011

Irrigation Method May 16  July 1 Aug. 1 Sept. 1 Sept. 15 Sept. 29

O m e e
80% daily PETY 12.1 14.0 14.5 13.0 119 10.0
RDAIf 12.7 15.1 14.0 14.5 154 114
TDRY 12.8 14.3 16.9 15.0 13.3 12.7
LSD (0.05) NS NS 2.0 NS 2.6 NS

T 80% daily potential evapotranspiration

¥ Rooting depth adjusted irrigation

1 Time domain reflectometry based deep and infrequent irrigation
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Root Mass

No significant treatment effects for root mass occurred in 2010 or 2011. Root mass of al
treatments increased throughout 2010. The 80% daily PET increased from 810 mg per cor
990 mg per core, RDAI root mass increased from 650 mg per core to 1,140 mg per core, and the
TDR root mass increased from 880 mg per core to 1,120 mg per core. In 2011, all three
irrigation treatments caused root mass to increase from spring into summdrirbatraents
underwent similar declines in root mass from summer to autumn and ended thesjradaia

root mass levels as spring.
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Chapter 2

WATER MANAGEMENT FOR OPTIMAL PERFORMANCE OF SAND-BASED
CREEPING BENTGRASS PUTTING GREENS

ABSTRACT

Irrigation scheduling can impact turfgrass shoot and root development, disedsedaci
and putting green aesthetics. Determining the optimal irrigation interdal@dume is essential
to providing exceptional quality creeping bentgrasgréstis stolinifera..) grown on sand-based
putting greens. This study investigated the effects of three irrigatiodudocigemethods on
irrigation volumes and frequency, rooting depth, putting green quality, percent goeed gr
cover, localized dry spot incidence (LDS), and dollar spot occurrence. Annualamigati
volumes for 2010 show the 80% daily potential evapotranspiration (PET) treatmergdebair
least water volume (284.7 mm) while the rooting depth adjusted irrigation (RDAlsoll
moisture dependent irrigation (TDR) treatments required 340.7 mm and 421.9 mm, regpectivel
In both 2010 and 2011 applying 80% daily PET resulted in the best quality putting green surface.
The TDR and RDAI treatment had significantfy<{0.05) more LDS than the 80% daily PET
treatment from 10 Aug. — 18 Oct. 2010 while the TDR had significantly greateiridixt&nce
from 21 June — 5 Oct. 2011. Data show the TDR treatment resulted in signifipen@y05)
less dollar spot on six of seven dates in 2010 and two of five dates in 2011. Results show that
more frequent irrigation applications at low volumes during dry months reducescilneence
of LDS. Basing irrigation programming on rooting depth during months with low PET demand
and adequate precipitation may simultaneously serve as a water-conseredtiod and best

management practice for creeping bentgrass putting greens.
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INTRODUCTION

Creeping bentgrasa@rostis stononiferd.) is an excellent turfgrass for putting green
surfaces and dominates putting green acreage across much of the United ShedesesAin
creeping bentgrass germplasm and irrigation availability have lead tgthenput putting
greens used across much of North America. Careful water managemenpuofgchemntgrass
should be a top priority for turfgrass managers as water restrictionsémity landscapes may
soon impact putting surfaces regardless of aquifer or reservoir statusnti@udee both to a
lack of options for irrigation scheduling and readily available access toiawmn water
supply, little incentive exists for superintendents to utilize non-traditiomgdiron methods

because of readily available access to water.

Turfgrass irrigation is a balance between meeting the moisture needgtarthget not
exceeding the soil’'s water holding capacity and excluding oxygen from theoruat ¥Vater
restrictions may require turf managers to find ways to maintain acceptdideality through
reduced irrigation (Los Angeles Department of Water and Power, 2010; San Antonio Wate
System, 2011). Water management may influence shoot and root development, disease
incidence, algae formation, and thatch production (Kackley et al., 1990; Davis and [@ernoed
1991). Madison and Hagan (1962) found irrigating every 20 days enhanced Kentucky bluegrass
(Poa pratensid..) rooting compared to irrigating every two days. Bennett and Doss (1960)
reported rooting of cool-season forage grasses was increased by atlosvinqgper 60 cm of soil
to dry-out to 15% versus 70% available soil moisture. More recent literatudaiflet al.,

2003) has determined that creeping bentgrass rooting depth and density were improved by
irrigating every four days rather than every one or two days. Biran e9&l)(found that

delaying irrigation until the onset of temporary wilting decreased watsuogption and growth
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up to 35% in ‘Alta’ tall fescueHestuca arundinace&chreb.) and ‘Pennfine’ perennial ryegrass
(Lolium perennd..). However, the quality of ‘Alta’ tall fescue and ‘Pennfine’ perennial
ryegrass were both improved when watered every two or three days as compaess ttmés
every two weeks (Biran et al., 1981). As economic concerns and water restriotaangdif
course managers to consider lower-input maintenance approaches, datangedaiotting

green water management will be required to move the industry further towanebsseat

sustainability.

Greater degrees of deficit irrigation may become a standard best mamageactice as
water supplies become limited (Fereres and Soriano, 2007). Dacosta and Huanfp(2@D6)
that irrigating at 60% or 80% ET did not significantly alter colomajrpstis capillarisL.),
creeping A stoloniferal.), or velvet A caninal.) bentgrasses water use efficiency when
compared to 100% ET replacement. Irrigating creeping bentgrass at 80% enspiatian
(ET) three times per week throughout the summer led to acceptable turfgrags qualit
Acceptable turfgrass quality was maintained at 40% ET during the auturoos{@and Huang,
2006). Irrigation frequency may also contribute towards turfgrass quality whemnapgéficit
irrigation. When tall fescue was irrigated at 50% ET, improved turfgrasgyqwals obtained
with shorter irrigation intervals (2d) as compared to longer intervals (4,7, or 1%d&n@&r
Butler, 1989). In a green house study, Ervin et al. (2009) observed that creepingsbentgra
irrigated at 70 or 85% ET every five days resulted in similar turf quality apa@u to 100%
ET replacement. Deficit irrigation has the potential to conserve watezas ahere
precipitation occurs at regular 10- to 14-day intervals due to low irrigation volmaiesaining
minimum soil moisture levels between precipitation events. Natural rairfdéerrthan

irrigation, would serve as the impetus to fully recharge the root zone (Sass gaa H06).
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Data validating the effects of conservation-based irrigation schedulitgpdsedn sand-based
creeping bentgrass putting greens in Michigan are critical for devglspiance-based
approaches to water conservation. The objective of the study was to companeitjatseni
scheduling methods for their effects on turfgrass quality, disease oa®yri@ralized dry spot

incidence, and rooting characteristics.
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MATERIALSAND METHODS

A two-year field study was conducted between Jun. 2010 and Oct. 2011 at the Hancock
Turfgrass Research Center in East Lansing, MIl. Penn ‘A-4’ creepingrassitvas seeded into
nine 11m x 11m plots on a sand-based putting green in Aug. 2008. Main plots were divided into
three subplots with lysimeters installed in each subplot to quantify percolateegoéund
nutrient losses. The particle size distribution of the 30.5 cm sand root zone and the 10.2 cm

gravel layer both conformed to USGA specifications (USGA, 1993) (Table 1).

Three irrigation treatments were tested in this field investigation. mterfigation
treatment was defined as 80% replacement of potential evapotranspiratienenRefpotential
evapotranspiration data were collected from the Michigan Automatech&/édetwork website
(http://www.agweather.geo.msu.edu/mawn), which provided data from a weatlwar ktesited
within a 5 m distance of the putting green. The PET estimation is a referencépotent
evapotranspiration and was based on the FAO Penman-Monteith Equation (Allen et al., 1998).
Irrigation to replace the 80% PET occurred at 4 A.M. the following morning. When
precipitation events exceeded 12.7 mm, irrigation was withheld for two days. Thiseocc
because daily PET rarely exceeds 7.6 mm in Michigan and 80% replacement of 7.6rmmoove

days would be accounted for by 12.7 mm of precipitation making irrigation unnecessary
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Table 8. Patrticle size distribution for sand used to construct USGA speaifipatting green.

mm

Particle Size >2.0 1.0-2.0 0.7-1.0 0.5-0.7 0.25-0.5 0.18-0.25 0.1-0.18 0.05-0.1 silt clay

Distribution 0.1 9.8 10.7 16.5 39.2 14.4 6.5 0.5 1®7
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The second irrigation treatment was referred to as rooting-depth adjustationrig
(RDAI) and was dependent upon soil physical properties and rooting depth. The ain of thi
irrigation treatment was to maintain the root zone volumetric water contentCj\Wétween field
capacity and one-half of the plant available water. The amended sand-basedeasied in
this study was determined to have a 20% VWC at field capacity and a permdtiegtpaint
(PWP) of 5% VWC. Field capacity was determined by placing a total of atneated soll
cores in pressure plate extractors set at 0.1 atmospheres of pressul@agttitalequilibrate to
account for the high sand content (Klute, 1986). The PWP was determined by allowingy the t
to wilt and using a time domain reflectometry (TDR) probe (Field Scout TDR 3008isiture
Meter, Spectrum Technologies, East Plainfield, IL) to measure the V\WW@atgioint. A total of
six areas were probed and averaged to estimate PWP. Water lost from-#ensonias based
on reference PET. Rooting depth was measured by taking a core from eadithpdot @2 x
2.5 x 17.8 cm soil profiler (Miltona Turf Products, N Maple Grove, MN) and gently shékeng
core to remove excess sand from the roots. The core was placed on the coring device and
measured from the soil surface to include approximately 80% of the availabieasst

The third irrigation treatment consisted of using a TDR soil moisture probe tandete
VWC. Irrigation was initiated when soil moisture dropped tt0% VWC. Irrigation was then

applied to bring the top 7.6 cm of root zone to 20% VWC.

Irrigation treatments were applied to each of the 9 main plots using four Toro TR-50
sprinkler heads (The Toro Company, Riverside, CA) positioned on the plot corners. Each
sprinkler applied 7.6 liters per minute (LPM) for a total of 30.4 LPM during eagatiwn
event. Rain gauges used during irrigation system audits confirmed the rate of @@5ldn

min of irrigation.
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Plots were mowed 5 times weekly during the growing season at a height of 3.2mgm us
a Toro Greensmaster 3150-Q triplex greens mower (The Toro Company, Riversidejt@A
clippings removed. Sand topdressing was applied at a rate of 0.25 cm every ether we
throughout the growing season. Sand was brushed into the green and irrigation applied for a 5
min period to move sand into the thatch layer. The putting green was aerified on 15 Oct. 2010
with a Toro ProCore 648 with 0.95 cm diameter hollow tines at 5 cm spacing. Sand was top-

dressed onto the green and brushed into the aerification holes.

Total fertilizer for each of the two growing seasons was 145.6 kg'JT\yhafl, 6.1 kg
P>0s5 hdl, and 94.8 kg KO ha'. Plots were fertilized with 24 kg N _hlaon 19 May, 6 Oct., 12
kg N ha ™ on 9 Sept. and 21 Sept., and 37 kg N lsa 1 Nov. 2010 using a 19-0-15 (N-P-K)

granular fertilizer (2.37% urea, 9.74% WSN, 6.89% WIN, K a®K15% potassium sulfate,

2.0% K-mag, 7.7% S, 0.05% Cu, 1.05% Fe, 0.05% Mn, 0.05% Zn, Andersons Golf Products,

Maumee, OH). In 2011, plots were fertilized with 24 kg Nlhm 16 May, 14 Sept., 14 Oct.,

and 37 kg N h_al on 1 Nov. 2011. Nitrogen was applied as a foliar spray on 24 Jun., 30 Jun., 12

July, 26 July, 10 Aug., 25 Aug. 2010 and 6 Jun., 22 Jun., 6 July, 20 July, 8 Aug., and 22 Aug.
2011 using an 18-3-4 (N-P-K) liquid fertilizer (2.0% amoniacal nitrogen, 1.5% nittadgemn,
14.5% urea nitrogen, 3.0% available phosphoric acid, 4.0% soluble potash, 0.12% chelated

copper, 1.0% chelated iron, 0.1% chelated manganese, 0.1% chelated zinc, Grigg,Brothe

Albion, ID) at a rate of 6.1 kg N ﬁla Granular treatments were applied and irrigated with 1.3

mm water to avoid fertilizer burn.
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Fungicides were applied curatively to avoid turf loss. Chlorothalonil [1,3-

benzenedicarbonitrile,2,4,5,6-tetrachloroisophthalonitrile] (54.7 klg neas applied on 15 July
2010 and (47.34 kg ﬁjé) on 27 July, 10 Aug, and 22 Sept 2010. Chlorothalonil [1,3-

benzenedicarbonitrile,2,4,5,6-tetrachloro-isophthalonitrile] was applied (54.741&@h£0

July, 8 Aug, and 22 Aug in 2011. Boscalid (BASF) [3-pyridinecarboxamide, 2-chlodo-N-(

chloro(1,1’-biphenyl-2-yl)] was applied (0.55 kg_%)aon 13 Aug 2011 to control dollarspot

(Sclerotinia homeocarpg.T Bennet).

Irrigation volumes were measured and determined by an irrigation audit cuneiss
rain gauges placed within each main plot and running irrigation for 20 min. lngailumes
collected during 20 min. were averaged between the six rain gauges. Tdgeawdume was
then divided in half to determine the irrigation application rate per 10 min. Té@&tion system

was determined to applied 2.54 mm water per 10 minute interval.

Turfgrass quality was visually rated every two weeks June-Oct 2010 an®dag011,
with 1 = completely necrotic, dead turf; 6 = minimally acceptable putting gueermnd 9 =
optimal density, uniformity, and color. Ball roll was measured on each subplot using a
Pelzmeter (PelzGolf, Independent Golf Research, Inc., Spicewood, TX).oBaleasurements
were taken on 8 July, 26 Aug., and 29 Sept. 2010; and 14 June, 18 July, and 29 Aug. 2011.
Three golf balls were rolled from north to south and three golf balls wéee fadbm south to

north. The ball roll distances were averaged to determine the green speed of the plot

Localized dry spot (LDS) was rated every two weeks June-Oct 2010 and May-Oct. 2011

as a visual estimate of the percentage within each subplot affectddDth
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Dollar spot incidence was evaluated on 21, 29 Jun, 13, 26 July, 5 Aug., 7, 23 Sept. 2010 and on
3, 21 June, 19 July, 8 Aug. and 9 Sept. 2011. Dollar spot incidence was evaluated by counting
the number of infection centers within a 1m x 1m quadrat placed randomly on each subplot
avoiding areas with severe LDS coverage. Infection centers weredlafirszeas at least 2 cm

in diameter, and infection centers that coalesced into larger blighted aneaseworded as a

single infection center.

Root length was determined by removing one soil core per sub-plot measuring 10.2 cm X
2.5 cm x 17.8 cm (Miltona Turf Products, N Maple Grove, MN). The soil core was removed and
shaken for 15 s over a plastic bucket to remove loose sand from root tissue. The saud-free
sample was placed back onto the soil profiler with roots fully extended. Root lergyth wa
measured to the point where approximately 80% of the total root mass extended. ie root

depth was also used for calculating irrigation quantities in the RDAI tezdtm

Digital images were taken with a Canon EOS Digital Rebel XT (Canon U.Sc., In
Lake Success, NY). Aperture was set at 24, quality was set to RAW, isospesdtvat 800,
and the camera was in auto-depth mode. The camera was fitted on a light box apparatus to
ensure identical light intensity for every image. Images were thendreggsfrom the flash card
to a desktop computer, reformatted to JPEG, and resized to 800 x 600 pixels. The images were
analyzed for percent green ground cover using a macro in SigmaScanPro 63&ystare,
Inc., Chicago, IL). The hue range was set to 55-90 and the saturation rang¢ twa<s90.
Digital images were collected on 23 June, 28 June, 15 July, 3 Aug., 10 Aug., 16 Aug., 23 Aug., 1
Sept., 9 Sept., 14 Sept., 23 September, 30 Sept., and 12 Oct. 2010; and 4 May, 24 May, 8 June,

21 June, 6 July, 25 July, 10 Aug., 25 Aug., and 4 Sept. 2011.
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The experiment was a completely randomized design with 3 subplots within each of 9
main blocks to add power during statistical analysis. All data were subjectedysisaof
variance using the SAS 9.2 (SAS institute Inc., Cary, NC) mixed model procedua®. Me

differences were separated using Fisher’s Least Significanr@ifte.

72



RESULTS AND DISCUSSION
Environmental Data

Climatic conditions varied slightly between each year of the two-yedy stroviding an
opportunity to examine the effects of three irrigation scheduling methods under enclitidte
scenarios (Table 9). Months were classified by the necessity for sup@énregdtion, which
was affected by potential evapotranspiration (PET) and precipitatiorvectatine 30-yr
monthly mean precipitation. Precipitation received during June and Sept. 2010 exceeded the 30
year monthly means and was nearly sufficient to account for PET lossei$yiclgskese
months as non-dependent on irrigation. July, Aug., and Oct. 2010 (dependent on irrigation)
received less precipitation than PET and the respective 30-year meanay 20M (non-
dependent), plots received twice the 30-yr monthly mean precipitation, replamiagmuisture
than lost to PET. June 2011 (irrigation dependent) received 40.1 mm of precipitation which was
below the 30-yr monthly mean and one-third of PET. July 2011 received 10.4 mm of
precipitation for the first 26 days but received 114.6 mm of precipitation in the finaldyar
resulting in above average precipitation for the month, (irrigation dependent). August 2011
(irrigation dependent) received 78.2 mm of precipitation but was not sufficient to acaount f
PET. Due to the experiment ending 5 Oct. 2011, Sept/Oct 2011 weather data were combined
and classified as irrigation-dependent. Spring conditions over both yearsavelependent
upon irrigation due to precipitation exceeding PET losses. During each summer, plots
experienced at least two months of dry weather (July/Aug. 2010 and June/July/Aug. 2011).
Autumn 2010 was classified as non-dependent on irrigation while autumn 2011 was dlassifie

dependent on irrigation.
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Table 9. Potential evapotranspiration, 30-year monthly mean precipitation, and monthly
precipitation for East Lansing, Ml, 2010-11.

2010
Environmental data June July Aug. Sept. Oct. Season Total
_____________________________ mm________________________________
PETY 119.8 135.7 1222 820 57.5 517.2
30-yr mean precipitation 86.4 68.6 81.0 86.4 58.4 380.8
Precipitation 99.6 51.1 145 88.6 35.8 289.6
2011
Environmental data May June July Aug. Sept/Oct Season Total
______________________________ mm______________________________________
PETT 104.3 129.3 1529 1151 83.0 584.6
30-yr mean precipitation 68.6 86.4 68.6 81.0 86.4 391.0
Precipitation 1285 40.1 1295 78.2 67.3 443.6

T Potential evapotranspiration
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Irrigation Volumes

Irrigation volumes showed significarm € 0.05) differences 9 out of 10 months during
the two-year study and for the 2010 total annual volumes (Fig. 1). Irrigataaménets differed
in June 2010 where the TDR treatment used the least water (31.2 mm) followed by thel$0% d
ET (49.0 mm) and the RDAI (67.3 mm). July through Sept. 2010 irrigation volumes resulted in
TDR > RDAI > 80% daily PET (Fig. 1). The RDAI irrigation treatment ugitlzhe least amount
of water in Oct. 2010. Total annual irrigation volumes for 2010 were significantlyefffevith
the TDR treatment using 421.9 mm of irrigation, followed by the RDAI and 80% daily P

treatments requiring 340.7 and 284.7 mm, respectively.

The TDR irrigation treatment used the lowest irrigation volume May 2011. June and
July 2011 data show the 80% daily PET irrigation treatment used less water th@Atihend
TDR. Sept/Oct 2011 irrigation volume data show the RDAI and TDR treatments cetiare
least water. No treatment differences were observed for the total anigagion volumes for

2011.

Irrigation volumes over both years resulted in two trends. June 2010 and May 2011
resulted in the TDR irrigation treatment using the least water and the 8% E& using less
than the RDAI. When irrigation treatments were first initiated each geamoisture was high,
PET was low, and plots received timely precipitation. Moist soil conditions during June 2010
and May 2011 only required the TDR treatment to apply irrigation one and two times,
respectively (Table 3). The 80% daily PET treatment required irrigatimwioly any day that
PET losses exceeded precipitation, leading to unnecessary irrigation tampdica relatively

wet soils. RDAI irrigation was dependent on rooting depth and PET losses. If timely
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precipitation was not received and rooting depth was shallow, 100% PET was applied more

frequently leading to high irrigation volumes for the RDAI treatment.

Data from July/Aug. 2010 and June/July 2011 show the TDR irrigation treatment used
greater irrigation volumes than the 80% daily PET and RDAI. July/Aug. 2010 and June/July
2011 were months that received little precipitation and incurred high PET lodsieg ma
supplemental irrigation critical to plant health and survival. Over 70% of soilum®ist
fluctuation occurs in the top 4 cm of soil (Sass and Horgan, 2006). The TDR treatment
scheduled deep irrigation when the top 7.6 cm of soil dried out. This portion of soil dries more
quickly than the lower soil profile due to a higher rooting density (Carrow, 1996).nBelgi
soil moisture in the top 7.6 cm to schedule deep-infrequent irrigation may reswatargr
irrigation volumes and frequencies than the plant requires. Precise estimagoisvaiter
depletion have been found to be better than measuring soil water directly (Li et gl., 2684
RDAI irrigation treatment accounted for rooting depth and PET data whedudicigeirrigation
thereby avoiding over application. The 80% daily ET treatment used the leasbacaase it
applied less water than PET predicted and did not depend on precipitation to reaize wat
savings. July/Aug. 2010 and June/July 2011 data show the 80% daily PET treatment used
approximately 80% of the irrigation that the RDAI utilized resulting in sigaiftly ( < 0.05)

lower irrigation volumes.

Sept. 2010 and Aug. 2011 were months that received timely precipitation to account for
PET losses and supplemental irrigation was not required for plant survival. During@®ept
the TDR treatment required greater irrigation volumes than the other twodrgstinut no

differences were observed Aug. 2011.
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The RDAI treatment conserved more water than the 80% daily PET treatni@ctt i
2010 due to low PET and timely rainfall. Low PET in Oct. 2010 extended the irrigatiorainter
for the RDAI treatment resulting in a greater number of opportunities to rqueepitation.
The RDAI and TDR treatments were each irrigated once during Oct. 2010, but thepphé
greater volumes. Sept/Oct 2011 irrigation volume data resulted in the TDR usirasthedeer,
while the 80% daily PET used the greatest volumes. Despite ample precipiggtdhcs 2011,
the 80% daily PET treatment was irrigated 20 times while the RDAI and TEaRrtents were
irrigated two and one times, respectively (Table 3). During months that régeeapitation on
a regular basis, the 80% daily PET treatment applied water unnecesstwideb precipitation

events.

Annual irrigation volumes for 2010 were greatest for the TDR treatment dsirdae to
over estimating irrigation volumes and frequencies during the summer months. Rhe TD
treatment used more water due to irrigation being scheduled prior to nainfial events.
Regardless of the weather forecast if the soil reached 10% VWC during theidation was
scheduled for the following morning. This method did result in irrigation being agili@ght
within proximity of precipitation events. The RDAI treatment ranked second in 2010 annual
irrigation volumes primarily due to applying 100% PET when water savings wereatiaed
during periods with minimal precipitation. Yearly irrigation volumes for 2011 wsignificant
due to the TDR treatment using the least irrigation during the spring and autunenth&r80%
daily PET treatment used the least irrigation during dry periods. The R&sirtent used an
intermediate amount of irrigation during most months. Alternating schedulifgpdsetould

result in greater water savings than utilizing one scheduling method over the dauysan
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Fig. 2. Total water volume applied to creeping bentgrass putting greens huegeirigation
methods, 2010a-11b, East Lansing, MI.
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Irrigation Frequency

Irrigation frequencies were significantly differept<{ 0.05) 6 of 10 months during the
study (Table 10). The 80% daily PET treatment was the most frequentlyeidrighile the TDR
was the least frequently irrigated. During periods of wet weather (S#[@6@0 and Aug.-
Sept/Oct. 2011), there were no differences in irrigation frequency between tHeaRDADR
treatments. Precipitation allowed the RDAI and TDR treatments todfameggation for
extended time periods where as the 80% Daily PET treatment would resunmsirzyd after
precipitation events 12.7 mm. When PET was low (June, Sept-Oct. 2010, May, Aug-Sept/Oct.
2011), the TDR treatments top 7.6 cm of soil did not dry as quickly allowing for longesailste
between irrigation. During periods of high PET, the RDAI treatment had greajatiaon
frequencies than the TDR due to the small amount of plant available water used toesttteedul
RDAI irrigation. Moisture was extracted throughout the rooting depth for hetRDAI and
TDR. However the top 7.6 cm of soil for the TDR had to dry down to 10% VWC leading to
lower irrigation frequencies. The RDAI treatment calculated waterusmg PET, which during
hot months led to more frequent irrigation. Frequent irrigation, as in the 80% daily PET
treatment, may increase costs associated with water consumption and reghleetshe
environmental stress tolerance predisposing the turf stand to injury fronameal stresses,

cyanobacteria, moss, and diseases (Dernoeden, 2002; Turgeon, 2008).
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Table 10. Irrigation frequency from creeping bentgrass putting greens bregeirtigation

methods, East Lansing, MI.

Irrigation Method

Yearly Total

80% daily PET*

RDAIY
TDR¥

LSD (0.05)

22.0
13.7

1.7

Irrigation Method

Yearly Total

80% daily PET%
RDAI
TDRY¥

LSD (0.05)

91.0
27.7
17.3

2.2

tStatistical analysis could not be run due to extremely small mean stanmdard e

T 80% daily potential evapotranspiration
1 Rooting depth adjusted irrigation

¥ Time domain reflectometry based deep and infrequent irrigation



Rooting Depth

Root depth was significanp € 0.05) on one of five dates in 2010 and two of six dates in
2011 (Table 11). The 80% Daily PET and RDAI treatments produced the greatesj depths
on 2 Nov. 2010, each maintaining a 15.0 cm root zone. The TDR treatment produced the
greatest rooting depth on 1 Aug. 2011. On 15 Sep. 2011 the RDAI and TDR treatment both

resulted in a greater rooting depth than the 80% daily PET treatment.

Turfgrasses subjected to deficit irrigation can develop larger ro@nsgsand store more
carbohydrates than well-watered plants (Jordan et al., 2003; Fry and Huang, 2004 Bradost
Huang, 2006; Fu and Dernoeden 2008; Fu and Dernoeden, 2009). Liu and Huang (2000) found
that high carbohydrate availability (i.e., glucose and sucrose) duribgthess was an important
physiological trait associated with heat-stress tolerance ipiagebentgrass. Ample
carbohydrate reserves are important because high temperatures reducenfitestissynd
increase respiration in creeping bentgrass (Carrow, 1996). When wateneehtly, excessive
turf growth is maintained through carbohydrate reserves. However, redootrgpne
temperatures through frequent irrigation has been shown to increase root growtho®expor
cytokinin from roots, leaf photosynthesis, chlorophyll content, protein synthesis, and shoot

growth in several species (Skene and Kerridge, 1967).

Root respiration in many plants decreases during periods of water strgksetl.
(1997, 2001) found ‘Volkamer’ lemorC{trus volkameriand an.)had 30-50% lower root
respiration under water stress than well watered plants. Jordan et al. (2003) founyd a 4-da
irrigation frequency significantly increased shoot density, root depth, and rodydsns

creeping bentgrass grown on a sand-based root-zone. With high PET throughout June and July
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2011, the RDAI treatment interval between irrigation and precipitation was oeceZ22 d.
This interval may not have been great enough to result in rooting depth differddmeting
depths for all treatments decreased from 1 Aug. — 29 Sept. 2011 which may be explained by

elevated soil temperatures causing increased root mortality.
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Table 11. Rooting depth of creeping bentgrass putting greens under thre@irmgethods,

2010-11, East Lansing, MI.

2010
Irrigation Method July2  Aug. 2 Sept. 15 Oct. 15 Nov. 2
SR CM o m e
80% daily PETY 11.9 10.2 104 11.9 15.0
RDAIf 13.2 11.9 12.4 12.7 15.0
TDRY 13.0 13.0 12.4 14.2 12.4
LSD (0.05) NS NS NS NS 1.5
2011
Irrigation Method May 16  July 1 Aug. 1 Sept. 1 Sept. 15 Sept. 29
P2
80% daily PETT 12.1 14.0 14.5 13.0 119 10.0
RDAIf 12.7 15.1 14.0 14.5 154 114
TDRY 12.8 14.3 16.9 15.0 13.3 12.7
LSD (0.05) NS NS 2.0 NS 2.6 NS

T 80% daily potential evapotranspiration

¥ Rooting depth adjusted irrigation

1 Time domain reflectometry based deep and infrequent irrigation
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Putting Green Quality

Quiality ratings were significanp& 0.05) on 10 of 18 dates in 2010 and 14 of 14 dates in
2011 (Table 12). Putting green quality data show no treatment differences unty 201/
when the 80% daily PET produced the best quality putting surface and the TRetrea
produced the lowest quality putting surface. Beginning 2 Aug. 2010, and through the remainder
of the year the 80% daily PET treatment produced the greatest quality puéamgsurface.
Data in 2011 also show the 80% daily PET irrigation treatment created the highigégt qua
putting surface on all 14 observation dates. The RDAI irrigation treatmersinveer to the
80% daily PET treatment on 8 observation dates but the TDR treatment alwdtgdrigsthe

lowest 2011 putting green quality.

Multiple factors influence turfgrass quality including disease incidencalited dry
spot (LDS) coverage, turf density, and turf color (Walsh et al., 1999; Miller J., 200@nnBe
19 July 2010, the TDR treatment displayed the greatest amount of LDS, leading stecolysi
low quality ratings. On 2 Aug. 2010, the RDAI treatment displayed similar le¥&salized
dry spot as the TDR and the greatest levels of dollar spot incidence leatbiager quality
ratings. Despite recommendations for deep-infrequent irrigation (Qi&n E9@v7),
continuously applying water to ensure a moist 4- to 6 cm root-zone each morning resulted i
improved summer quality for creeping bentgrass (8.0) compared to 6.8 for degpentre
irrigation (Fu and Dernoeden, 2009). Daily irrigation in this study resulted in e IB&

incidence leading to better quality turfgrass.

Drought stress induced by hydrophobic soil conditions on the TDR and RDAI treatments

was the main cause of low quality ratings over both years. Drought supgesstsand
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causes a loss of turf quality (White, 1996; Carrow and Duncan, 2003). Fu and Dernoeden
(2009a) found drought stress imposed by deep and infrequent irrigation resulted in a 16%
reduction in root diameter compared with light and frequently irrigated creepitgrass. A

water deficit may also inhibit the ability to maintain physiological fuordi Ribas-Carbo et al.
(2005) found that even a 3-5 day cessation of watering resulted in an 80-100% decline in light

saturated net photosynthesis in controlled environment-grown soyBbamge makleaves.
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Table 12. Creeping bentgrass putting green quality under three irrigation s)e2b@@-11, East Lansing, MI.

2010

Irrigation Method Jun 15 Jun 29 Jul 8 Jul 13 Jul 19 Jul 22 Jul 26 Aug2 Aug 10 Aug 16 Aug 23

80% daily PETT 6.8 7.1 6.3 5.2 5.3 4.8 4.9 5.3 5.3 4.8 4.9

RDAIt 7.1 7.4 6.1 5.2 5.2 4.9 5.1 4.8 4.6 4.3 4.0
TDRY 7.3 7.1 6.1 5.1 5.0 4.7 5.0 4.7 4.5 4.4 3.8
LSD (0.05) 0.4 0.3 NS NS 0.3 NS NS 0.4 0.4 0.4 0.5

Irrigation Method Aug 30 Sep 7 Sep 13 Sep 20 Sep 27 Oct4 Oct 11

80% daily PETT 53 35 4.7 4.3 4.7 51 51

RDAI% 4.3 3.9 4.3 4.3 4.3 48 4.7
TDRY 3.5 3.8 3.9 4.6 4.3 4.3 4.6
LSD (0.05) 0.7 0.4 0.5 NS 0.4 0.5 0.4

T 80% daily potential evapotranspiration
¥ Rooting depth adjusted irrigation
1 Time domain reflectometry based deep and infrequent irrigation
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Table 12 (cont'd)

2011
Irrigation Apr May May Jun  Jun  Jun  Jul Jul Aug Aug Aug Sep Sep Oct
Method 12 6 23 2 13 27 14 18 25 9 22 5

80% daily PETT 7.6 7.1 7.9 79 8.2 7.9 7.8

RDAI$ 67 65 6.9 69 72 68 6.9
TDRY 50 6.0 6.7 66 67 62 6.0
LSD (0.05) 11 08 06 12 09 13 15

8.3

7.1
5.6
0.8

Quality (1-9)--------=-mmm oo

6.7 6.7 6.8 6.5 6.4 6.6
5.8 5.5 5.7 5.1 5.2 5.7

1.0 14 1.4 0.9 11 0.9

T 80% daily potential evapotranspiration
¥ Rooting depth adjusted irrigation
1 Time domain reflectometry based deep and infrequent irrigation
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Per cent Green Ground Cover

Digital imaging for percent green ground cover was not significant oneveglthirteen
dates in 2010 and seven of eight dates in 2011 (Table 13). Dollar spot reduced the percent gree
ground cover of the 80% Daily PET and RDAI treatments while the TDR tegaincurred the
most LDS symptoms. Both of these factors together may have resulted in the lack of

significance.
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Table 13. Percent green ground coverage from creeping bentgrass peting wnder three irrigation methods, 2010-11, East
Lansing, Ml.

2010

Irrigation Method 23 Jun 28 Jun 15 Jul 3 Aug 10 Aug 16 Aug 23 Aug 1 Sep 9 Sep 14 Sep 23 Sep 30 Sep 12 Oct

80% daily PETt 95.4 95.4 90.7 93.6 93.8 94.5 94.6 93.3 88.1 938 95.6 93.5 94.1

RDAI 959 95.2 90.4 92.7 943 92.7 94.4 93.2 896 93.6 95.8 93.2 93.4

TDRY 954 944 890 914 936 92.8 92.9 90.5 878 933 95.2 93.0 94.4

LSD (0.05) NS NS NS 1.7 NS NS NS NS NS NS NS NS NS
2011

Irrigation Method 24 May 8 Jun 21 Jun16 Jul 25 Jul 10 Aug 21 Aug 5 Sep

80% daily PETt 98.5 98.7 93.6 96.2 99.2 98.8 974 89.1

RDAI} 965 993 959 961 99.2 980 951 935
TDRY 96.0 97.8 848 877 882 854 859 87.0
LSD (0.05) NS NS NS 67 NS NS NS NS

T 80% daily potential evapotranspiration
T Rooting depth adjusted irrigation

i Time domain reflectometry
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Green Speed

Green speed was not significapt{0.05) on any sampling date in 2010 or 2011. This
corroborates findings from Lodge et al. (1991) which did not find significantelifées in ball

roll distance over three different irrigation regimes.

Localized Dry Spot Incidence

LDS data were significanp& 0.05) on 14 of 17 dates in 2010 and 8 of 11 sampling
dates in 2011 (Table 14). TDR plots displayed the greatest LDS incidence on 6 July 2010 and
the greatest LDS coverage during the period from 22 July - 10 Aug. 2010. Between.23 Aug
Sept. 2010, plots differed in LDS coverage according to RHOAI > 80% daily PET. From
20 Sept. - 11 Oct. 2010, the TDR and RDAI irrigation treatment had more LDS than the 80%
daily PET treatment. On 18 Oct. 2010, all treatments differed with the TDR havingp#teand
the 80% daily PET having the least LDS coverage. The TDR irrigation grtatrad the most

LDS coverage from 21 June — 9 Sept. 2011.

LDS is a condition that can occur on all soil textures but is especially proldemati
sandy soils. Extended periods of hot, dry weather are most conducive to thediomwhati
hydrophobic soils (Panina, 2010) and may result in decreased infiltration of amigedier and
precipitation, non-uniform wetting of soil profiles, increased run-off and evaporaind
increased leaching due to preferential flow (Dekker et al., 2001a). Dekke(2&dlb) found
soils have critical soil volumetric water contents, below which causesta $@tome non-
wettable in the field. Both the RDAI and TDR treatments allowed the upper saig poodiry
out considerably between irrigation applications below the critical soil watdent

(approximately 8% VWC). The RDAI treatment experienced decreased roopiting dely —
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Aug. 2010 along with increased PET losses leading to a higher irrigation frequenmased
irrigation frequency helped to alleviate LDS on the RDAI plots. The 80% Dailyl&ts

received regular irrigation to maintain a moist upper soil profile and eglsutminimal LDS.

In Sept. 2010, timely precipitation resulted in only three irrigation applicatioribdor
RDAI and TDR plots. Carrow (1996) found that high rooting density in the surfacer®-o0 c
soil enhanced wilt possibly due to rapid depletion of the surface soil water. ttemipihat
withheld irrigation may not have been sufficient to wet below 3-10 cm causing tAeSRD
profile to dry out and increase LDS symptoms. Greater irrigation volumegdpplihe TDR
treatment along with precipitation wetted the soil profile to greater depthsing LDS
symptoms by 13 Sept. 2010. Due to low PET extending irrigation intervals, LDS wasetha
in all irrigation treatments Oct. 2010. Low PET values resulted in extresn&dif volumes of
daily water application causing insufficient rewetting of the soil profil@vimd increases in
LDS in the 80% daily PET treatment. Under daily shallow irrigation, a large propaiftithe
irrigation volume applied remains in the upper 5 cm of soil and is subject to high rates of

evapotranspiration (Sass and Horgan, 2006).

The lack of significance in May 2011 was due to high soil moisture during the winter and
early spring decreasing LDS by 50% or more across all plots. Leadingupet@1, increasing
temperatures and rapid soil drying increased LDS incidence. Finishing the 2640 wéh the
greatest LDS, LDS symptoms were more pronounced in the TDR treatment wme2201.1.

Even after extended wet periods, soil water repellency and preferentigddtbw can reoccur
(Oostindie et al., 2005). The expression and extent of a soils water repellentydieenly
on soil water content (King, 1981; Dekker and Ritsema, 1994; de Jonge et al., 1999; Regalado

and Ritter, 2005) and the soil’s wetting and drying history (Doerr and Thomas, 2000)DRhe
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treatment had a history of severe wetting and drying cycles in 2010 causing mtoede

affected by LDS in 2011. Dekker et al. (2001) observed that not only drying but the temgperat

at which the drying took place influences the severity of water repgliersoils. There was a

12 d period 30 May - 10 June 2011 where little precipitation occurred and temperaturés steadi
rose to 34 C. The temperature at which the TDR’s soil dried could have induced more severe
LDS symptoms. Hot, dry periods during June/July 2011 caused increased LDST&dRoss

plots.

Due to large precipitation events occurring at the end of July and maximum ai
temperatures dropping below 30 C during the day and below 20 C at night, LDS symptoms
declined slightly by 8 Aug 2011. Despite the reduction in LDS, the TDR treatmplayeid the
greatest amount of symptoms 8 Aug. 2011. By 17 Aug 2011, LDS increased over all treatments
by 3.0, 4.4, and 5.5% for the 80% daily PET, RDAI, and TDR treatments, respectively. The
increased LDS over all treatments could be explained by frequent ligigifaan events that
acted to postpone irrigation, but were not enough to completely rewet the upper deil @afi
25 Aug 2011, the TDR treatment resulted in the most LDS coverage and LDS increased on
RDAI and 80% daily ET plots. LDS may have increased on the 80% daily PET anidpiRIDA
due to increased organic matter accumulation. Organic matter content wasasated in this
study, but observations during root length sampling revealed a large dark layédr afa@ge
levels of OM can act to increase the severity of LDS. The development of e@d#ent soils
is associated with organic matter coating soil particles while indugithgpphobic properties on
their surface area (Ma’'shum and Farmer, 1985; Horne and Mclintosh, 2000). Orgarmigsmatte

greatest in the thatch layer under turfgrasses, leading to LDS formindnaesniltsurface. This
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organic layer was observed in the 80% daily PET and RDAI treatments, but not in the TDR

treatment.

LDS was observed to increase across all plots by 9 Sept. 2011, but data show that the
TDR treatment resulted in the greatest amount of LDS. Only 4 mm of preoipieds received
over three events and PET was relatively low leading up to 9 Sept. 2011. When PET was low,
similar to autumn 2010, the 80% Daily ET treatment required very small amountgatiormi
Weeks of extremely light irrigation applications may have allowed thecsdiltto its critical
VWC (8%) and result in the formation of LDS on 80% daily PET plots. The RDAhtasdtis
also governed by PET estimates, which when coupled with increased rooting depth) act
increase the irrigation interval enough to allow the top layer of soil to dry out, mgubiS
formation. The TDR treatments LDS incidence remained relativelyamristroughout the late

summer and autumn of 2011.
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Table 14. Percent localized dry spot coverage (LDS) from creeping banpgitiag greens under three irrigation methods, 2010-11,
East Lansing, M.

2010

Irrigation Method 6 July 13 July 19 July 22 July 26 July 2 Aug 10 Aug 16 Aug 23 Aug 30 Aug

mm e % LDS---~r-mmmmmmmmmmmm e m e
80% daily PETTt 3.4 2.6 2.0 2.9 2.0 2.7 3.8 2.6 4.8 4.4
RDAI% 1.2 2.0 1.9 3.8 2.2 2.9 10.0 7.1 14.4 15.6
TDRY 8.9 7.9 6.4 13.8 7.3 10.0 18.7 12.0 26.7 27.2
LSD (0.05) 4.9 NS NS 6.6 4.5 6.1 9.0 NS 8.9 11.3
2010

Irrigation Method 7 Sept 13 Sept 20 Sept 27 Sept 4 Oct 11 Oct 18 Oct

80% daily PETT 3.6 4.1 4.4 8.9 10.0 128 6.7
RDAIt 12.2 11.7 18.9 32.2 344 36.7 31.1

TDRY 222 161 217 300 333 328 383 T 80% daily potential evapotranspiration

LSD (0.05) 74 67 87 73 102 105 7.0  rRootingdepth adjusted irrigation
9 Time domain reflectometry
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Table 14 (cont'd)

2011
Irrigation Method 6 May 21June 5July 11July 19July 8Aug 17Aug 25Aug 9Sept 22Septt 50c
------------------------------------------ %6 LDS-—-=-mmmmmemmem e m oo
80% daily PETY 2.8 3.9 6.7 5.0 2.8 2.2 5.2 8.6 15.6 24.4 21.1
RDAIt 10.0 8.3 11.7 12.2 12.2 12.0 16.4 18.9 20.6 28.3 21.7
TDRY 106 228 30.0 36.1 36.7 30.6 36.1 35.0 41.7 43.9 40.0
LSD (0.05) NS 7.1 16.5 14.8 13.8 14.7 13.3 16.9 16.3 NS NS

T 80% daily potential evapotranspiration
¥ Rooting depth adjusted irrigation
1 Time domain reflectometry based deep and infrequent irrigation
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Dollar Spot Incidence

Dollar spot Eclerotinia homeocarpk.T Bennet) incidence was significapt<{0.05) on
six of seven dates in 2010 and two of five dates in 2011 (Table 15). Dollar spot was most severe
on the 80% daily PET and RDAI irrigation treatments from 21 June — 5 Aug. 2010. On 7 Sept.
2010 the RDAI had the most and the TDR had the least dollar spot incidence. On 23 Sept. 2010
the 80% daily PET treatment had the most and the TDR treatment had the leasjpdol

From 8 Aug. — 9 Sept. 2011 the TDR treatment had the least dollar spot incidence.

Disease models have been developed to predict dollar spot incidence (Mills and
Rothwell, 1982; Hall, 1984). Mills and Rothwell (1982) state there is more of a risk of dollar
spot when mean daily temperatures exceed 25 C and relative humidity is above 90%rduring
three days in any seven day period. Hall (1984) found increased dollar spot risknigilGyvi
two consecutive days with rainfall and a mean temperature > 22 C; or (iicthreecutive days
with rainfall and a mean temperature > 15 C. Dollar spot incidence begameziliy0 due to
warm wet weather in June. Relative humidity in June 2010 was between 81 and 94 percent,
while maximum temperatures were between 21 and 31 C. Moderate night time terepdga
20 C) increased the likelihood of disease occurrence (Hall, 1984). From 21 June — 26 July 2010,
the 80% Daily ET and RDAI treatments produced more dollar spot than the TDRetnéatm
This finding could be due to more irrigation being applied to 80% daily PET and RDAI
treatments than to the TDR treatment resulting in longer periods of laadsgetHigher dollar
spot infection was observed at irrigatidi80% Ep (Class A pan evaporation) in ‘Tifway’
bermudagrass (Cynodon dactylon L.) (Qian, 1999). The 80% Daily ET and RDAlgrgatm
were irrigated 31 and 9 times from 1 June — 26 July 2010, and replaced 80% and 100% PET,

respectively. Since irrigation was applied at 4am, the leaf blades mabdmvexposed to
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prolonged wetness. Extended periods of leaf wetness are thought to increase ityeogever
foliar pathogens (Williams et al., 1996). Williams et al. (1996) found the severitylaf dpbt
on creeping bentgrass was significantly reduced when leaf surface muaiatudesplaced by

mowing or poling.

The TDR treatment may have produced the least dollar spot due to inhospitable soll
conditions for the pathogen to thrive by facilitating severe wetting and drysigs which have
been shown to decrease microbial communities. Sparse rainfall events agetmidscapes
(i.e. Alaskan taiga) have been known to place additional stress on soil microbial céiesnuni
(Clein and Schimel, 1994). Water potential ‘upshock’ associated with rewettiggsaildcan
also negatively impact a large fraction of the microbial community (Boti®&5; Kieft et al.,
1987). Prolific localized dry spot coverage on the TDR treatment may have cauribube

decreased occurrence of dollar spot as well.
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Table 15. Dollar spot incidence from creeping bentgrass putting greens hnegerrigation

methods, 2010-11, East Lansing, MI.

2010
Irrigation Method 21 June 29 June 13 July 26July 5Aug. 7 Sept. 23 Sept.
-------------------------------- infection centers/r%-----------------------------------
80% daily PETY 47.2 52.1 56.6 61.4 26.6 93.6 135.7
RDAIt 41.7 42.7 55.2 66.7 33.9 98.7 126.4
TDRY 21.0 25.1 30.2 40.4 29.9 65.1 94.2
LSD (0.05) 18.8 17.0 19.8 15.5 NS 29.6 34.2
2011
Irrigation Method 3 June 21 June 19 July 8 Aug. 9 Sept.
----------------------- infection centers/r%}----------------------------
80% daily PETTt 1.0 3.8 16.7 84.3 103.3
RDAIt 1.2 2.2 204 74.8 66.9
TDRY 2.0 3.7 10.0 37.9 34.3
LSD (0.05) NS NS NS 34.4 66.4

T 80% daily potential evapotranspiration
¥ Rooting depth adjusted irrigation
1 Time domain reflectometry based deep and infrequent irrigation
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CONCLUSIONS

Chapter one: Environmental study

Data from this study indicate that alternating irrigation scheduling thouighe
growing season could lead to water savings and reduced environmental impact. gAjpgiyin
and frequent irrigation at a deficit conserves water during months that deoeieeresgular
precipitation. During months that receive regular rainfall, deep and iefinéguigation could
conserve water by utilizing precipitation to recharge soil moisturedagtivrigation
applications. Data show that leachate volumes, nitrate loading and orthophosphatgisoadi
minimized by light and frequent irrigation and enhanced by deep and infitagrigation that
does not take rooting depth and soil moisture holding capacity into account. The RDAI
treatment applied water volumes only to the depth of the active root zone resutedgced

leachate and nutrient loads, but no water savings during dry months.

Implementing an integrated water management plan, where irrigation scgeduli
methodology changes with seasonal conditions would result in the greatestavisigs snd
minimal nutrient loading. Times in which PET losses are high require low volumesgafat
short intervals in order to keep the upper soil profile moist while also reducingteeacha
However, times of low PET demand or high humidity can benefit from applyingegreater
volumes at extended irrigation intervals, but moisture status must be monitored taleasure
upper soil profile remains above the critical VWC to avoid hydrophobic conditions. Further
investigation into deficit irrigation and seasonally dependent optimaltiorgiequency for
sand-based putting greens could lead to even greater water savings anddmptogat

retention.
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Chapter two: Putting green perfor mance study

Data from this study indicate that alternating irrigation scheduling thouighe
growing season may result in water savings and enhanced putting green dygitying light
and frequent irrigation at a deficit conserves water and reduces the ncewfé.DS during
months that do not receive regular precipitation. During months that receive ragufit,
deep and infrequent irrigation allows precipitation to recharge soil moistiwedeirrigation
applications. Deep and infrequent irrigation based on soil moisture statusoreésudtéuced
dollar spot infection but increased irrigation volumes, leachate volumes, andddD8ence
requiring wetting agents. Deep and infrequent irrigation based on rooptigrésulted in

minimal irrigation volumes in the autumn and reduced LDS during the summer.

Implementing an integrated water management plan, where irrigation scgeduli
methodology changes with seasonal conditions would result in the greatestavaigs while
also producing an acceptable quality putting green surface. Times in whiclh$3e$ are high
require low volumes applied at short intervals in order to keep the upper soil profiteninibes
reducing water usage. Times of low PET demand or high humidity can benefit fronmgppl
greater water volumes at extended irrigation intervals, but moisture stastisermonitored to
ensure the upper soil profile remains above the critical VWC to avoid hydrophobitaosdi
Further investigation of differing irrigation scheduling methods on varstnigtypes could
advance scientific understanding of plant-soil-water relationships and resdtar savings and

enhanced turfgrass quality.
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Table 16. Soil nutrient test results for USGA putting green.

P K Mg Ca Organic Matter CEC
---------------------------- ppm --mm==-0fp-memm - meq /100 g
11 48 42 1046 0.8 5.7
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