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ABSTRACT

Major concerns for the introduction of velvet beatgs Agrostis canina) on Nordic golf
courses are whether current cultivars have suffiorenter hardiness, and if it is possible to
control the rapid thatch formation in this speci€kis thesis is a part of the project ‘Velvet
Green’ funded by the Scandinavian Turfgrass andirBmment Research Foundation
(STERF) and the Norwegian Research Council andimgninom 2007 to 2010. The first part
of the thesis includes screening of velvet benwggradtivars for winter hardiness under
controlled environmental conditions and evaluatdreffects of metabolic changes induced
by cold acclimation on winter hardiness. The secpad of the project covers field trials at
two locations in Norway with different climatic comions. The field trials focused on effects
of rootzone composition, irrigation regime, and kegnagement practices on turfgrass visual
quality, playability, winter survival, and thatcbrination.

Up to six velvet bentgrass cultivars Avalon, GremmwLegendary, Villa, Venus, and
Vesper, and creeping bentgrass ‘Penn A-4’ in ndimaated and acclimated state were tested
under controlled environmental conditions for friegz tolerance, susceptibility to
Microdochium nivale, and tolerance to anoxia under simulated ice coVlke experiments
were carried out in 2007, 2008, and 2009 in Uniwersf Life Sciences and Norwegian
Institute for Agricultural and Environmental Resgar(Bioforsk). Differences in freezing
tolerance between velvet bentgrass and creepinggtass and among velvet bentgrass
cultivars were nonsignificant, but as a speciesetdbentgrass tended to be more susceptible
to pink snow mold than creeping bentgrass. Accliomasignificantly improved freezing
tolerance, susceptibility thlicrodochium nivale, and tolerance to anoxigreezing tolerance
increased in the order: nonacclimated turf < atated at 2°C for 2 wk and 16 h photoperiod
< acclimated at 2°C for 2 wk and 16 h photoperiathvadditional subzero acclimation at
-2°C for 2 wk in darkness < acclimation in thedieluring fall.

The freezing tolerance of velvet bentgrass ‘Greehwiand creeping bentgrass
‘Penncross’ was further studied under controlledil®enments in collaboration with Rutgers
University and University of Massachusetts (USARDD9 to determine crown carbohydrate
and protein changes at different stages of coldinaatton and assess their relationship to
freezing tolerance. Similar freezing tolerance @ivet bentgrass and creeping bentgrass was
associated with similar levels of sucrose in cravgsue of acclimated plants. Significantly
higher crown fructan content in creeping bentgthas in velvet bentgrass had no significant

vi



impact on LEpand suggested negligible direct contribution otfams to freezing tolerance.
Increased freezing tolerance in response to cadtina&tion was associated with enhanced
amino acid synthesis, since serine hydroxymethsfitrase and methionine synthase were up-
regulated by acclimation. The first acclimationgstacaused more changes in the crown
protein composition than subzero acclimation.

Effects of nitrogen (75 or 150 kg har?), topdressing (0.5 or 1.0 mm sand biweekly),
and mechanical (grooming, vertical cutting, spikih@iological (‘Thatch-less™’) treatments
on turfgrass visual quality, playability, winterrgival, and thatch formation were evaluated
on USGA greens at a coastal (Landvik, 58°N) andrdicental (Apelsvoll, 61°N) location in
Norway in 2007-2010 and 2007-2009, respectivelylvdtebentgrass required at least 150 kg
N ha® yr! and heavy topdressing during the first year aftaldishment. From the second
year, 75 kg N ha yr! and heavy topdressing were key elements in maintenaf velvet
bentgrass with acceptable turf visual and playinglity and adequate percentage of organic
matter in the mat. Monthly spiking improved watefiltration rate by more than 50%, but led
to softening of the green surface. Monthly vertwaiting resulted in better visual quality and
reduced the content of organic matter in the mat.ddhcluded that monthly verticutting and
spiking once or twice per year can be recommendestaamndard mechanical treatments for a
mature velvet bentgrass green.

The last field trial was conducted to clarify tHéeets of rootzone composition (straight
sand vs. sand amended with 20% v/v garden compost)irrigation regime (light and
frequent vs. deep and infrequent) on turfgrassavisuality, playability, thatch formation,
root development, and nutrient leaching. The stwag carried out from August 2007 to
October 2009 on a USGA-green at a coastal locatioNorway (58°N). Neither rootzone
composition nor irrigation regime affected the Kmiess or percentage of organic matter in the
mat. Amendment with compost showed clear advantagie form of higher visual quality,
less snow mold caused Microdochium nivale, longer irrigation intervals, and less risk for
development of soil water repellency. Infrequengation to the field capacity was a better
irrigation strategy on velvet bentgrass greens fheguent irrigation, except for the first year

after sowing.

Key words: Acclimation, first stage, second stage, freeziolgrance, simulated ice
cover, Microdochium nivale, snow mold, simulated snow cover, metabolic changkSGA
green, thatch, rootzone, compost, irrigation, ilfgrt grooming, vertical cutting, spiking,

‘Thatch-less™’, topdressing.
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SAMMENDRAG

For hundekvein Agrostis canina) kan anbefales for golfgreener i Norden ma to igekt
sparsmal avklares. Har tilgjengelige sorter tildtedig vinterherdighet? Kan vi kontrollere
den store mengden filt som hundekvein produseresAnB avhandlingen er en del av
prosjektet "Velvet Green” finansiert av Scandinavidurfgrass and Environment Research
Foundation (STERF) og Norges forskningsrad og samevfra 2007 til 2010. Den farste
delen av avhandlingen handler om vurderingen atekherdighet av hundekveinsorter basert
pa forsgk i kontrollert klima og effekten av methsle endringer ved herding pa
vinterherdighet. Den andre delen av avhandlingesgnterer tre feltforsgk pa to steder med
ulikt klima. Disse forsgkene viser hvordan visuelalitet, spillekvalitet, vinteroverlevelse og
filtdannelse pavirkes av ulike vekstmedier, vansiegime og skjatselstiltak.

Inntil 6 ulike sorter av hundekvein; Avalon, Greaohy Legendary, Villa, Venus og
Vesper, og krypkvein Agrostis stolonifera) Penn A-4, ble testet under kontrollerte
klimaforhold for frosttoleranse, mottagelighet fayxsa sngmugdvicrodochium nivale og
toleranse for oksygenmangel under simulert isdekkesgkene ble utfgrt i perioden fra 2007
til 2009 ved Universitetet for Miljg og Biovitengkag Bioforsk @st Landvik. Forskjellene i
frosttoleranse mellom hundekveinsortene og krypkvear ikke signifikante, men arten
hundekvein var mer mottakelig moM. nivale enn krypkvein. Herding forbedret
frosttoleranse, reduserte mottakelighetNarnivale og gkte toleransen for anaerobe forhold.
Frosttoleranse gkte i rekkefglge: ikke-herdet gresterdet ved 2°C i 2 uker og 16 timers
daglengde < herdet ved 2°C og 16 timers daglengdgker med pafalgende -2°C for 2 uker i
mgrke < herdet i felt om hgsten.

Frosttoleransen til hundekvein 'Greenwich’ og krypi 'Penncross’ ble testet under
kontrollerte klimaforhold i samarbeid med Rutgersvérsity og University of Massachusetts
(USA) i 2009. Forsgket ble designet for & kartleggedringer i sammensetningen av
karbohydrater og proteiner i kroner av gressetulda stadium under herding, og & vurdere
stoffenes forhold til frosttoleranse. Tilsvarendeosttoleranse mellom hundekvein og
krypkvein ble assosiert med like niva av sukrokeoner av herdede planter. Det betydelige
hayere kronenes fruktaninnholdet i krypkvein hatfdgen signifikant pavirkning pa L og
dette antyder at fruktaner ikke har noen direktergéing pa frosttoleranse for kveinartene.
@kt frosttoleranse etter herding ble forklart medkt gaminosyresyntese da

serinhydroxymethyltrasferase og methioninsyntasedgpregulert ved herding. Den farste
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fasen av herding farte til flere endringer i kroeenprotein sammensetning enn ved
tillegsherdingen pa -2 °C.

Feltforsgkene ble utfart pd greener bygget etteGASine anbefalinger pa to steder:
kystneert pa Landvik i Grimstad (58°N) i 2007-201pi annlandsklima pa Apelsvoll pa Toten
(61°N) i 2007-2009. Det farste forsgket vurderdeldene av nitrogengjadsling (75 eller 150
kg ha' ar%), toppdressing (0,5 eller 1,0 mm sand annenhve), ukekaniske (grooming,
vertikal skjaering, stikklufting) og biologiske (“Bich-less™’) behandlinger pa visuell
kvalitet, spillekvalitet, vinteroverlevelse og oygging av filt. Hundekvein krevde minimum
150 kg N h& &r' og starste mengde toppdressing farste aret etibteeing. Fra det andre
aret gav 75 kg N hh &' og stgrste mengde toppdressing best visuelt inktryl
spillekvalitet og passe mengde organisk materidilidaget. Manedlig stikklufting forbedret
infiltrasjonhastigheten for vann med mer enn 50%nrferte til mykere overflate. Manedlig
vertikalskjeering farte til bedre visuell kvaliteg seduserte organisk materiale i filt laget. Vi
konkluderer med at manedlig vertikalskjeering odkdtifting en eller to ganger i aret kan
anbefales som standard mekanisk behandling pa demiaundekveingreen.

Det siste felt forsgket ble utformet for & kartlegeffektene av vekstmedium (ren sand
eller sand tilfart 20 volumprosent hagekompostyagningsregime (lite og ofte eller mye og
sjeldent) pa visuell kvalitet, spillekvalitet, filivikling, rotutvikling og avrenning fra USGA-
green. Forsgket ble utfgrt pa Landvik fra augu€t72l oktober 2009. Verken vekstmedium
eller vanningsregime pavirket tykkelsen pa filttaggler innhold av organisk materiale.
Innblanding av kompost ga klart bedre visuell ked)i mindre angrep av rosa sngmugg,
mindre behov for vanning og mindre risiko for utunky av lokale tarrflekker pga hydrofobisk
vekstmasse. Med unntak av farste aret etter sangsgelden vanning til feltkapasitet det

beste resultatet pa hundekvein greener.

Ngkkelord: Herding, farste fasen, andre fasen, frosttolerarss@ulert is dekke,
Microdochium nivale, sngmugg, simulert sngdekke, metaboliske endritdf@GA green, filt,
rotsone, kompost, vanning, gjgdsling, grooming,tikar skjsering, stikklufting, ‘Thatch-
less™’, toppdressing.



AHHOTANMSA

TarbsiHa JcneBUT. 3UMOCTOIHKOCTD M TEXHOJIOTHH BO3/1e/ILIBAHUS MOJIEBHIIbI CO0aYbei

(Agrostis caning na rpuHax B ycjaoBusax CKaHIWHABHH

I'maBHBIME BOIIpOCaMH TIPH BBEICHHWHU MOJEBHUIBI cobaubell (AQrostisS canina) Ha cKaHAWHABCKUC
royib() OIS SBISIOTCS: OOJANAIOT JM HBIHECYIIECTBYIONIME COPTa JTOCTATOYHOW 3UMOCTOMKOCTBIO H
BO3MOJKHO JIM KOHTPOJIMPOBATh YPE3BBIYaiHO OBICTPOE HAKOIUICHUE OPraHMYeCcKOro BelecTsa (Tay) B
BepXHEM clioe mouBbl? Hacrosimas auccepranmoHHas paboTa BXOJIMT B cocTaB mpoekra “Velvet
green”, xoropeiii OCymectBisuics B 2007-20101r. npu ¢dunancoBol momuepxkke Scandinavian
Turfgrass and Environment Research Foundation (F)yERNorwegian Research Coundilepsas
4acTh pabOTHI MOCBSIIEHA OLICHKE 3MMOCTOMKOCTH COPTOB TTOJICBHIIBI CO0AYbE B YCIOBHSAX TEIUTUIII
U spdexkraM MeTadOoIMYECKUX HM3MEHEHHI B MPOIECCe 3aKAIMBAHUS HAa pPa3IMYHBIC AaCICKTBI
3MMOCTOMKOCTH. BTopasi yacth pabOThI MPEJCTABISICT PE3yNbTaThl TPEX TOJEBBIX HCCIC/IOBAHUM,
KOTOpbIe TIPOBOAMINCH B JIByX KiIMMarnieckux 3oHax Hopseruu. [loneBwle wuccienoBaHus ObLTH
HAIpaBJICHbl HA U3yYCHHE BIMSHUS TOYBBI, PEXKHMOB ITOJIUBA M HAKOOJIEe UCTIONB3YEMbIX TIPUEMOB TI0
YXOJy 332 TPHHOM Ha €TI0 Ka4eCTBO, 3MMOCTOMKOCTh U HAKOIUICHHE Tava.

3akaneHHBIE U HE3aKaJeHHBIE COpTa MOIEBHIILI cobauseit Avalon, Greenwich, Legendary, Villa,
Venus u Vesper,u coprt moneBuisl moberoodpasyrommeii (Agrostis stolonifera) Penn A-4 6butn
UCIIBITAHBI HA MOPO30CTOUKOCT, ycToMumBocTh K Microdochium nivale u anaspoGHBIM yCIOBHAM
0T HCKYCCTBEHHOCO3IaHHOM JiestHO# Kopkoi. Cepun uccnenopanuii mposoamwinuck 8 2007-2009rr.
B YHUBEPCUTETE €CTECTBO3HAHMS U HaydHO-HcCiie[oBaTeIbcKOM UHCTUTYTE CEIbCKOTO XO3SHCTBA U
OXpaHbl OKpykaromei cperpl. Copra mHoNeBUIBI co0aubeii HE OTIMYAIUCH MEXIy COO0OW o
MOPO30CTOMKOCTH, TaK K€ KaKk M He ObUI0O OOHApyXEHO pa3HHII B MOPO30CTOMKOCTH MEXIY
nojesuledl cobaubell M moneBHUIEH moOerooOpasyromedl.  3akaJMBaHWE PACTCHUH YIyYIIWIO
MOPO30CTOMKOCTB, ycToiunBocTh K Microdochium nivale u yctoitunBocTh K aHa3pOOHBIM YCIIOBHUSIM.
MOopO30CTOMKOCTh  3aKaleHHBIX pacTeHHH BO3pOCia B  CIEAYIOIEH MOCIeI0BaTEIbHOCTH:
He3aKaJeHHbIe < 3aKajeHHbIe B TeueHne 2 Henenb npu 29C n 164acoBoii JyiMHE AHS < 3aKaJCHHBIC B
teyenue 2 Heaens npu 29C u 164acoBoii JyivHE THS U 3aTEM B TEMHOTE B TeueHue 2 Henenb npu -2C
< 3aKaJICHHBIC B MOJICBBIX YCIOBHUIX B TCUCHUE OCEHHETO MEPHO/IA.

JanpHeiyue uccieIoBaHUS 10 MOpPO30CTOMKOCTH mojeBuIlbl cobaubeit (Greenwich) u
mojieBuIsl  moberoodpasyromeit  (Penncross)mposogwance B 2009 romy mpu  COTpyOHHYECTBE
yauBepcutera Rutgersn Yuusepcurera Maccauycerce (CIITA). MccienoBanust IpOBOAMIKCE C IETBIO
BBISIBIICHHST M3MCHEHHUI B COCTAaBE YIVIEBOJOB M OEJNKOB B y3Jax KYIICHHUS HA Pa3IMYHBIX CTaIHIX

3aKajJMBaHUs M OICHKH BIMSHHS OTUX HW3MEHEHM Ha MOpOSOCTOﬁKOCTB ITIOJICBUII. OTCYTCTBI/Ie



pasHUIBI B MOPO30CTOMKOCTH MEXIY IOJCBUIIAMH OBLJIO CBSI3aHO CO CXOJIHBIM COJEpKaHHEM
caxapo3sl B y37axX KylieHdHs Tocie 3akankd. OJgHako B y37MaX  KYIICHHS  TTOJICBHIIBI
100eroo0pasyroIei ColepKaloch 3HAUYUTEIFHO OOJNbIIee KOIMYECTBO (PYKTAHOB, YTO HABOAUT Ha
OpE/MONIOKEHHEe O TOM, YTO (PYKTaHBl HE MNPUHAMAIOT HEMOCPSACTBEHHOTO YYacTHs B
MOPO30CTOMKOCTH TOJIEBHI. Bo3pocinas MOp0o30CTOMKOCTh MOJICBUIL ITOCIIE 3aKAIMBAHUS MOTJIa OBITh
CBf3aHA C BO3POCIICH KOHIEHTpAIMEH aMHUHOKHCIOT, 00 YBEJIMYCHHUH CHHTE3a KOTOPBIX TOBOPUT
BO3pOCIiee  COJIEpXKaHWE TaKuX  (EpMEHTOB, KaK  CEepHHTHIPOKCHMETHATpanchepaza U
METHOHHMHCHHTeTa3a. [lepBas cramusi 3aKanuBaHUs BbI3Basia OObIINE W3MCHEHHS B COCTaBe OCIIKOB
HEXEIH BTOpasi CTa M 3aKaTHBaHUSI.

IoseBbIe MCCIENOBAHMS 110 BIMSHAIO a3ota (75w 150kr ra™ B rox), Tommpecurra (0,5 wm
1,0 MM mecka pa3 B JBe HeNeNH), MeXaHHYecKuX (TPyMHUHT, BepTHKajbHas pe3Ka, CHAWKWUHT) U
ouonornueckux (‘Thatch-less™’)meTonoB B IpeAOTBpaIlleHNY HAKOIUICHHWS Tadya Ha Ka4eCcTBO U
3MMOCTOMKOCTh TpuHOB mpoBoamnck B 2007-2010rr. wa Jlangsuke (F0XHBIH MOpCKoi Knumar, 58°
ceBepHoii mupotel) u B 2007-2009rr. B AnesnncBone (KOHTHHEHTANbHBIM KiauMaT, 61° ceBepHOii
mupoter). MuanmyM 150 kr ra™ a3ora B TOI M YCHICHHBIH TOIIPECCHHI OBUTH HEOOXOMMMBI IS
TOJIEBHUIIBI cOOaubell B TeUEHHE MEpPBOro Tojia Hocie mocesa. Bo BTopoii rox 75 kr ra™ a3ora 6bLI0
JIOCTATOYHO TSI MPUEMITMBOTO KAuecTBAa M HEOONBIIIOTO KOJUUECTBA OPraHUIEeCKOro BelecTBa (Tavya)
NPU YCJIOBUH YCUIICHHOTO TompeccuHra. CaKuHT pa3 B MECSIl YIyUIIAI HHOUIBTPAIHIO 0oJiee ueM
Ha 50%, HO MpuBeET K MITKOCTH TPHHOB. BepTHkanbHas pe3ka yiydllnia KauecTBO MOBEPXHOCTU U
YMEHBIIMJIA MPOLEHT OPTaHWYECKOTO BELIECTBA B BEPXHEM cjoe mouBbl. CO BTOPOro roja Iocie
MoceBa CTAHIAPTHBIMA MEXaHHYESCKUMH 00pabOTKaMH Ha IPUHAX MOJCBHIBI COOAYbel MOTYT OBITh
BEpTUKAIbHAS pe3Ka pa3 B MECSI U CailkuHr 1-2 pasa B ro.

Tpetbe moneBoe uccinepoBanue mnpoBoxwiock B 2007-2009na Jlanasuke. B ero 3amauy
BXOAWJIO M3yueHHWEe BIUSHMSA MOuBbl (mecok wiu mecok ¢ 20% kommocta Mo 00beMy) M pekuMa
moJIMBa (YacThI M peiKuii, 00a IO MONEBOM BIAKHOCTH) HAa KAuyecTBO TpHHA. HakoIuleHHe Taua He
3aBHCEJI0 HH OT IOYBBI, HU OT pexuMa monuBa. Ha mecke, o0orameHHbIM KOMIIOCTOM, BO3POCIO
Ka4ecTBO TPUHA, ObUT COKpAICH MOJWB, HAONIONANOCH MOJABICHUE PAa3BHTHUS PO30BOW CHEXHOMN
TUIECEHH W HE Pa3BHUBaNach THAPOPOOHOCTh. Peikuil pexkum ImosiMBa ObUT JTYYIIHM IPHEMOM U3 JIBYX

HN3YYCHHBIX.

KimtoueBble  cioBa: 3akanuBanue, mepBas (asza, Bropas (asza, MOPO30CTOUKOCTb,

CHMyJIMpOBaHHas JjeasHas Kopka, Microdochium nivale, cuexmas mieceHsb, CHMYIMPOBAHHOE
CHE)KHOEC TIOKpBITHE, MeTabonmuueckne wu3MmeHeHus, USGA rTpuH, Tay, moyBa, KOMIIOCT, IIOJIUB,

ymoOpeHusi, [PyMUHT, BepTUKaIbHAs pe3ka, cnaiikuur, ‘Thatch-less™' ronapecwunr.
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1.INTRODUCTION

Approximately 2.5 to 5.5% of the Scandinavian pagioh plays golf. In Norway there are
about 174 golf courses including courses with 18&ses holes. The area around each hole is
covered with turf which is mowed very closely tchance ball roll. This entire area around
the hole is called a golf green. The most commaagded turfgrasses for golf greens in
Norway are either mixtures of red fescl&guca rubra L.) and colonial bentgrasg\dgrostis
capillaris L.) (ca. 60% of golf greens) or pure creeping bentgréggdstis stolonifera) (ca.
40%).

Among bentgrass species, velvet bentgrasgogtis canina L.) is the most fine-
textured and dense. It is reported to exhibit Ibeiiderance to several biotic and abiotic
stresses compared to the more widely used credeimgrass (Brilman, 2003; Chakraborty et
al., 2006; DaCosta and Huang, 2006b). Despite ¢ése@able characteristics, velvet bentgrass
has not been widely used in part due to difficsltia seed production in early velvet
bentgrass cultivars, but also due to the limitddrimation available on optimal management,
especially thatch control, in this species (Skoglky75; Brilman and Meyer, 2000; Koeritz
and Stier, 2009).

In the perspective of integrated pest managememiel bentgrass seems to meet the
demand in North America and Europe for well-adaptethrass species requiring less water,
pesticides, and fertilizers. During the last decdtlere has been a strong resurgence in the
interest for velvet bentgrass in North America @&us University, Cornell University,
University of Wisconsin, University of Massachuset#ichigan State University), Canada
(University of Guelph), and Europe (University oblenheim). A breeding program is
underway at Rutgers University, and this has sadaulted in cultivars such as Greenwich,
Legendary, Venus, Vesper, and Villa.

In Norway, the benefits of velvet bentgrass wersecaWvered through a variety
evaluation project under green conditions from 2@03006 where velvet bentgrass exhibited
better winter survival and overall impression comegawith other turfgrass species (Aamlid
et al., 2006). Because winter injury in the fielancbe caused by many different stresses
(freezing temperatures, ice encasement, crown datgd, and/or low temperature fungal
diseases), the superior winter survival of velattgrass needs further research.

The winter survival of a turfgrass species depemdgs acclimation ability and on the

sufficiency of cold acclimation which activates ustiural, biochemical, and metabolic
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changes in plants (Livingston, 1991; Tronsmo et B993; Dionne et al., 2001a, 2001b;
Hoffman et al., 2010). Two consecutive stages & exclimation have been suggested in
winter cereals and temperate grasses (Tumanov,)1®though much work has been
devoted to plant responses to cold acclimationulh understanding of the cellular and
molecular mechanisms underlying the first stagé dsaurs at from 2 to°&, and, especially
the second stage which occurs at sub-zero tempesatuas not been reached yet. The winter
survival of turf also depends on weather conditiand management, particularly nutrition
(Smith et al., 1989).

Besides winter survival, the biggest challenge i@nagement of velvet bentgrass on
putting greens is to control thatch (organic matescumulation in the upper soil layer.
Velvet bentgrass accumulates more thatch than tdinigrass species (Aamlid et al., 2011).
Among the problems caused by excessive thatch brgggens are reduced water infiltration
and increased risk for disease injury, scalpingl dry spots, all resulting in poor playing
quality (Jordan, 2008). Stimulation of biologicakltch degradation is often a difficult task
due to lignin, which enters into the thatch composialong with other organic polymers, and
which is very resistant to degradation (Kirk, 19T&deboer and Skogley, 1967; Crawford
and Crawford, 1980; Couillard and Turgeon, 1997¢stihg of the products containing
biological thatch decomposers or their enzymesdaithing to improve thatch degradation
ought to be tested under realistic field conditiombatch can be controlled by restricted
fertilization and irrigation avoiding excessive miagrowth. However, our knowledge on
optimal nitrogen and irrigation inputs to velvenbgrass greens is very sparse. Nitrogen rates
varying from 48 to 342 kg N Hayr' were compared by Skogley (1975), Boesch and
Mitkowski (2007), and Koeritz and Stier (2009), himited information on thatch formation
is available from those studies.

A proper irrigation schedule (amount and frequernveyl) not only result in good visual
guality and playing quality, but also minimize netit leaching from putting greens (Mancino
and Troll, 1990; Frank et al., 2005; Paré et &l0& Soldat and Petrovic, 2008; Steinke et al.,
2009). Soil water repellency has been reportecesolt in fingered flow and thus increased
risk for leaching, especially from straight saneéegrs with no organic amendment. Velvet
bentgrass has been reported to require less imigavater than other bentgrass species
(DaCosta and Huang, 2006a, 2006b), but the opimigdtion management of this species on
rootzones varying in organic matter content haseen determined so far.

Thatch can be also diluted with topdressing sangaduced mechanically (Smith, 1979;
Carrow et al., 1987; Murphy et al., 1993a; McCaatyal., 2005, 2007; Barton et al., 2009).
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Because velvet bentgrass seems to have poor retivpecapacity (Boesch and Mitkowski,
2007), more research is needed on timing and freuef mechanical treatments on velvet

bentgrass greens.

The objectives of the present project were:

(1) To compare the tolerance of available cutsvaf velvet bentgrass to freezing
temperatures, ice cover, snow cover, and resistang@k snow moldNlicrodochium nivale)
with creeping bentgrass under controlled conditions

(2) To determine levels of nonstructural carbohies at different stages of cold
acclimation and assess their relationship to wihgediness for velvet bentgrass and creeping

bentgrass;

(3) To reveal some mechanisms underlying the &ngl the second stages of cold
acclimation using protein analysis and determire ithpact of these changes on freezing

tolerance of velvet bentgrass;

(4) To compare direct and indirect methods fainegtion of freezing injury in
bentgrasses;

(5) To determine the effects of nitrogen ratepdtessing levels, and mechanical /
biological treatments on turf quality, thatch fotoa, and winter survival of velvet bentgrass

golf greens in a coastal and a continental regfddcandinavia;

(6) To clarify the effects of rootzone compositiand irrigation regime on turfgrass
visual quality, playability, root development, tblatformation, and nutrient leaching from

velvet bentgrass golf green.



2. LITERATURE REVIEW

2.1. Velvet bentgrass: origin, importance, and usti® present day

Velvet bentgrass is a native species to northech camtral Europe (Brilman, 2003). After
being brought to North America during the emignatiperiod, New England golf
superintendents realized that velvet bentgrassusestibeautiful greens like a ‘velvet carpet'.
In 1927, R.A. Jones, on behalf of the United Stdbedf Association (USGA) Advisory
Committee, stated that ‘velvet bent produces thesti and most beautiful turf of any of the
northern grasses’ (Brilman & Meyer, 2000).

In the 1960's and 1970’s velvet bentgrass fell oufavor on North-American golf
courses. As fertilizers and pesticides were intoedl) creeping bentgrass and annual
bluegrass Foa annua L.) became the predominant species on puttingngre8ince then,
increasing environmental awareness has raised ubst dor well-adapted turfgrass species
requiring less water, pesticide, and fertilizer.usethis context, velvet bentgrass seems to
have a potential in North America and Europe.

During the last decade, there has been a stronggesxe in the interest for velvet
bentgrass in North America. In New England and Nexk, velvet bentgrass is perceived as
the ideal species for integrated pest managemBM)(bf putting greens (Grant and Rossi,
2004). In addition to its very fine surface textuelvet bentgrass has better shade tolerance
(Reid, 1933), needs less irrigation water (DaCastd Huang, 2006a, 2006b), and exhibits
lower leaching of nitrates (Paré et al., 2006) thHrer bentgrass species. It is more resistant
to dollar spot &clerotinia homoeocarpa) and brown patchRhizoctonia spp.) (Brilman and
Meyer, 2000), tolerates as much or even more conagpaand wear stress (Murphy et al.,
2009; Samaranayake et al., 2009), and competesr lzggainst annual bluegrass infestation
(Samaranayake et al., 2009) than creeping bentgbespite these desirable characteristics,
the use of velvet bentgrass on golf courses igduniAmong the causes are seed production
problems which more or less have been overcomén{&ni, 2003), and sparse knowledge on
optimal maintenance. In the Nordic countries, velventgrass is used on about 10% of the
golf courses in Finland. In Norway, Sweden, and Bark, less than 3% of the golf courses
have velvet bentgrass on greens.

The benefits of velvet bentgrass under Nordic démeondtions were rediscovered

through a variety evaluation project at Bioforskntaik and Apelsvoll from 2003 to 2006
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(Aamlid et al., 2005, 2006). In that project, 43ltimars of creeping bentgrass, velvet
bentgrass colonial bentgrass, red fescue, and hivhuegrass were compared. The most
conspicuous result was the outstanding performafoeeivet bentgrass at both locations.
Velvet bentgrass not only produced the densedstfiand most even turf, but also had better
winter hardiness than any other species (PhotBdgause winter injury in the field may be
caused by one or more stresses and since wintetineas depends on acclimation
ability, additional controlled environment studiase required to determine potential causes

for superior winter survival of velvet bentgrass.

Photo 1. Only velvet bentgrass (green plots to tHeft) came out of the winter
2004-05 with hardly any winter damage at ApelsvollTo the right: Creeping
bentgrass. (Photo in May 2005 by Bjgrn Molteberg)

2.2. Winter survival — the biggest challenge for tdgrasses in northern climates

Winter injury of temperate grasses used for tuid significant problem in northern climatic

regions. About 70% of Scandinavian courses suffenfwinter damage every year (STERF,
2009). During the winter months, turfgrasses mayekposed to various low temperature
related stresses (Levitt, 1980; Sakai and Larct@8y; Stier and Fei, 2008). These different
stresses may occur individually or in combinatiard aesult in significant decreases in

turfgrass function and/or playability.



2.2.1. Winter hardiness and acclimation stages

Winter hardiness is a complex phenomenon incluthhgrance to freezing temperatures, ice
encasement, hypoxia, and/or resistance to low teatye fungal diseases (Humphreys, 1989;
Ergon et al.,, 1998; Bertrand et al., 2009a; Castapget al., 2009). Winter hardiness is
significantly affected by a period of cold acclinoat or cold hardening, whereby a number of
physical, biochemical, and physiological changestrdoute to enhanced cellular stability
under different winter stresses (Levitt, 1980; 8tequs et al., 1990; Guy, 1999; Thomashow,
1999; Rajashekar, 2006).

Two consecutive stages of cold acclimation havenlsegygested in winter cereals and
temperate grass species (Tumanov, 1940). Theafidimation stage occurs at temperatures
above freezing (approximately 2 t0°6) and is characterized by several changes inaudin
accumulation of osmolytes (e.g. carbohydrates,im@odnd other amino acids), antifreeze
proteins, and reserve carbohydrates, increasestioxalant production, and alterations in
phospholipids and fatty acids (Anchordoguy et H987; Livingston, 1991; Tronsmo et al.,
1993; Dionne et al., 2001a, 2001b; Zhang et aD926ioffman et al., 2010).

The second stage is referred to as sub-zero ac@mESZA) and leads to acquisition
of additional freezing tolerance (Tumanov, 1940vihgston, 1996; Herman et al., 2006).
Exposure to sub-freezing temperatures (-2 to -59C€pmmonly associated with induced ice
formation in the apoplast and dehydration of plegits (Steponkus, 1989; Herman et al.,
2006). The required duration of the second acclonastage is still controversial and its

impact on winter hardiness of turfgrasses not cieffitly studied.

2.2.2. Evaluation of freezing tolerance using direct and indirect methods

Freezing tolerance has been shown to be a majop@uent of winter hardiness of perennial
grasses (Larsen, 1994; Humphreys and Eagles, Ha88phreys, 1989; Xiong and Fei, 2006;
Hulke et al, 2008). Freezing tolerance tested undetrolled conditions can be evaluated by
direct (whole plant survival) and indirect (e.gleatrolyte leakage) methods. Because
assessment of plant survival following freeze tests/ take several days or weeks, faster
indirect methods may be useful if sufficiently adated with plant survival. Crown survival
is crucial for the survival of the grass plant. Tdrewn apical meristem (upper region) and
vascular transition zone (lower region) have bdews to respond differently to freezing in
winter wheat {riticum aestivum L.) (Tanino and McKersie, 1985). Therefore indirec

methods using grass crowns are not always conistanrelated with survival, possibly due



to the heterogeneous structure of crown tissuenirfdaand McKersie, 1985; Shashikumar
and Nus, 1993; Livingston et al., 2005).

Electrolyte leakage (EL) tests have been usedvaluation of freezing injury of leaves,
roots, and crowns of winter cereals (Chen et &83) and turfgrasses (Gusta et al., 1980;
Rajashekar et al., 1983). In addition to EL, 28iphenyltetrazolium chloride (TTC)
reduction has also been used for detection of iimgemjury of different plant tissues
(Steponkus and Lanphear, 1967; Lindstom and Mat{s$889; Guo et al., 2006). This
method is based on the capacity of living planisce reduce 2,3,5-triphenyltetrazolium
chloride (TTC) to formazan by the dehydrogenaseymez system (Knievel, 1973;
Rachmilevitch et al., 2006). While many studieséhatilized one of these methods (EL or
TTC reduction), their sensitivities for estimatiohlethal temperature for 50% survival of the
test population (Ldp) relative to Ly determined by whole-plant survival are not well

documented in turfgrasses.

2.2.3. Role of carbohydrates

Low temperatures in fall trigger changes in netboarmetabolism in plants (Huner et al.,
1993). The level of sucrose in herbaceous plartieases in response to inhibition of plant
growth. This results in accumulation of storagebolaydrates, in cool season grasses
primarily fructans. The role of non-structural aallgdrates in freezing tolerance in winter
cereals and forage grasses has been extensivdlyagdh (Tumanov, 1940; Levitt, 1980;
Livingston, 1991, 1996).

Sucrose has been identified as an important cryegiant. It defends plants from
freeze-induced dehydration, reduces ice formatigniritreasing the intracellular solute
concentration, and inhibits liposome fusion durimgezing (Anchordoguy et al., 1987).
Soluble sugars may also delay freezing by direbibition of ice crystal growth in the
apoplast (Olien, 1967; Livingston et al., 2009). w¢h fructans, there is increasing evidence
for the role of sucrose in coordinating plant resges to oxidative stress (Parvanova et al.,
2004; Van den Ende and Valluru, 2009). Althougé timportance of fructans as reserve
carbohydrates in cool-season grasses is widelypsat€Pollock and Cairns, 1991), their role
as cryoprotectants is somewhat controversial (Oaded Clark, 1993; Livingston, 1996;
Livingston and Henson, 1998). A potential role ofictans as inhibitors of ice crystal
formation was described by Olien (1967). More rélgestudies have shown that fructans can

directly interact with cell membranes to improve miane stability during dehydration-



related stresses (Hincha et al., 2002; Valluru ad den Ende, 2008). Carbohydrates have
also been reported to contribute to resistance nowsmolds Typhula incarnata, T.
ishikariensis, Microdochium nivale, and Coprinus psychromorbidus) in winter wheat
(Yoshida et al., 1998) and annual bluegrass (Beited al., 2009a).

Compared with the number of investigations in wirgereals (Olien and Clark, 1993;
Livingston and Henson, 1998; Gusta et al., 1996) fanage grasses (Tronsmo et al., 1993,
Hisano et al., 2004), research is limited regarding role of carbohydrates in freezing
tolerance of cool-season turfgrasses. In particitlés unclear which specific changes occur
in turfgrasses during the two stages of cold actiom. Dionne et al. (2001a) found that
carbohydrate concentrations increased during cottinaation in three ecotypes of annual
bluegrass, but variations in the individual carladaye fractions did not account for
differences in freezing tolerance among the thie®ypes. However, upon inspection of a
larger collection of annual bluegrass ecotype®i@ bf 42), the authors determined a strong
correlation between the accumulation of high mdecuveight fructans and freezing
tolerance (Dionne et al., 2001a). Hoffman et ab1(® reported that the freezing tolerance of
perennial ryegrasd_6lium perenne L.) accessions was associated with the accumaolatio
water soluble carbohydrates in crowns during coldimation at 2 °C. Additional research is
necessary to evaluate carbohydrate changes ofseasbn turfgrasses during the first and the
second stages of cold acclimation, and to deterriaerole of carbohydrates in relation to

inter- and intraspecific differences in freezintgtance.

2.2.4. Proteomic response

Proteomics offer a powerful approach to reveal raadms underlying different aspects of
winter hardiness. Many studies have been carrigdwotln Arabidopsis thaliana (Jaglo-
Ottosen et al., 1998; Le et al., 2008), but tlpecges is not necessarily representative as a
model for cold-induced responses at the molecatdhjlar, or whole-plant level in perennial
grasses (Livingston et al., 2007). Only few studhage been performed on grasses. Synthesis
of soluble proteins and their expression is morenpunced in acclimated and freezing
tolerant species than in freezing sensitive spdélesras and Sarham, 1989; Dionne, 2001b).
Direct protection from freezing is one of the rdpdrfunctions of cold-regulated proteins
(COR). Antifreeze proteins adhere to the surfacacefcrystals and inhibit their growth
through thermal hysteresis (Duman and Olsen, 189#jth et al., 1997). Antifreeze proteins

may also inhibit ice re-crystalisation (Sandve let 2008) and protect thylacoid membranes



against freeze-thaw damage (Sieg et al., 1996).IRtahydrins, usually rich in lysine and
induced by abscisic acid, have not only been astmtiwith drought stress, but also with cold
acclimation and freezing tolerance (Close et &89 Puhakainen et al., 2004; Patton et al.,
2007).

2.2.5. Low temperature fungal diseases

Pink snow mold, gray snow mold, and speckled snowidmcaused by the fungi
Microdochium nivale, Typhula incarnata, and T. ishikariensis, respectively, are the most
damaging low-temperature diseases of turfgrassels vanter cereals in Europe, North
America, Japan, and other temperate and boreanedirsvoll, 1973, 1975; Smith et al.,
1989; Smiley et al., 2005; Tompkins et al., 2004t84imo, 2009; Bertrand et al., 2009b).
Snow mold pathogens are difficult and costly totoaln On most golf courses in the
United States control of these diseases reliesreveptive fungicide applications (Chang et
al., 2006). As of 1 Jan. 2011, only five fungicidestive ingredients) are allowed against
snow mold on turfgrasses in Norway, and even fgweducts are permitted in some of the
other Nordic countries (STERF, 2010). Difficultieschoice of active chemical substance and

estimation of required dose are associated wificdifies in prediction of disease injury.

2.2.5.1. Some aspects of biology and ecology ofvamolds

M. nivale (teleomorphMonographella nivalis (Schaffnit) E. Miiller) andTyphula spp belong
to different fungal classes — Ascomycota and Basigcota, respectively, and they have
different life cycles. The biology and ecology dfese fungi are well described in the
literature (Smith et al., 1989; Hsiang, 1999; Tropset al., 2001; Matsumo, 2009).

The optimal mycelial growth dfl. nivale andT. ishikariensis occurs at 18-20 °C and
10 °C (2 °C for some strains), respectively (Befin#d33 sited in Smith 1989; Hoshino,
1998; Snider, 2000). The low competitive ability thie fungi during the growing season
results in ‘avoidance of antagonism by escapintip¢éounder-snow habit’ (Matsumoto, 2009).
The growth ofTyphula spp. (with the exception OF. canadensis) at low temperatures is
facilitated by lipolytic enzyme activity (Hoshin@997) and by production of antifreeze-like
proteins and their ability to inhibit intra- andteacellular ice formation (Newsted et al., 1994;
Snider et al., 2000; Hoshimo et al., 2001). In castt to Typhula spp.,M. nivale does not
grow at subfreezing temperatuiies/itro (Snider et al., 2000). Incidence and severitynoivs

molds varies depending on presence and duratiemoiv cover (Arsvoll, 1973). Matsumo



(1994) divided snow molds into obligate (e-Byphula spp.) and facultative (e.gM. nivale)
regarding their dependence on winter conditions.

2.2.5.2. Resistance to snow molds

No turfgrass species has absolute resistance w smads, but the susceptibility to low-
temperature diseases varies among species andacsll{fEmith et al., 1989; Hofgaard et al.,
2003; Smiley et al. 2005; Casler et al., 2006, 2@@Aang et al., 2006, 2007; Latin, 2007).
Compared with winter cereals and forage grassesliest on snow mold resistance in
turfgrasses are limited. Old and recent studieswvskariation in susceptibility to low-
temperaturdgdasidiomycota anil. nivale in creeping bentgrass, colonial bentgrass, Kentucky
bluegrass, red fescue, and sheep’s fescue coll&cedNorth America and Europe (Smith,
1975; Casler et al., 2001; Wang, 2005; Chang £2@06). Fine fescue and colonial bentgrass
were shown to have better resistance to snow nibkds creeping bentgrass (Casler, 2001).
So far, our knowledge regarding disease resistanaelvet bentgrass is restricted to grey
snow mold Typhula incarnata), dollar spot $clerotinia homoeocarpa), brown patch
(Rhizoctonia spp.), and copper spotGleocercospora sorghi) (DeFrance et al., 1952;
Brilman and Meyer, 2000; Brown and Jung, 2010).rgheat al. (2007) reported that velvet
bentgrass was more susceptibleTyphula incarnata than creeping bentgrass and colonial
bentgrass under controlled environmental conditions

Similar to freezing tolerance, resistance to snavidsican be enhanced by acclimation
(Ergon, 1998; Tronsmo et al., 2001; Hofgaard ¢t28l06; Tronsmo et al., 2008), but freezing
tolerance and snow mold resistance were reportbdwve different mechanisms in cereals and
forage grasses (Tronsmo, 1985; Yoshida et al., 1%®&duced water potential and increased
carbohydrate levels in acclimated crowns of wirtereals and perennial grasses explain the
resistance pattern only to a certain extent (Trans&®86; Yoshida et al., 1998). The
expression of pathogenesis-related proteins (PRips) has been demonstrated under cold
acclimation in inoculated grasses (Ergon et al981%ofgaard et al., 2006) and cereals
(Gaudet et al., 2000; Muthukrishnan et al., 2001).

Field trials such as the National Turfgrass EvatuaProgram (NTEP) in USA and
Canada Www.nteporg), the Sport Turf Research Institute (STRI)ietgr trials in UK
(www.stri.co.uk), and the Scandinavian Turfgrassl &nvironment Research Foundation
variety trials in the Nordic countries (sterf.sp)ay an important role in finding turfgrass

varieties that are less susceptible to diseasdsgfarent geographical regions. Still, there is a

10



need for studies under controlled environmentaldd@mns to save time, test a large number

of plants and exclude other factors occurring enftald.

2.3. Rootzone composition influence turf performane

Turf performance on golf greens greatly dependsootzone composition (Joo et al., 2001,
Murphy et al., 2004; Bigelow et al, 2004; Aamlid)d%). Many greens in United States,
Europe and elsewhere are built according to thet mately used method of putting green
construction developed by the United States GoBogmtion (USGA) Green Section Staff
(USGA Green Section Staff, 2004). Focusing on raaézphysical properties, particularly on
macroporosity and hydraulic conductivity, the methestricts compaction and provides a
good combination of drainage and water retentidmesé physical properties are obtained
with sand-based rootzones containing from 90 ta%d{@/w) sand of specified grain size
distribution. McCoy (1992) and Murphy et al. (1998bnsidered that critical maximal values
for organic matter content in rootzones were 3.5a86 4.5 % (w/w), respectively. The
inclusion of organic matter in putting green roates is not required by the USGA Green
Section Staff (2004) construction, but the benaditsising proper organic amendments are
not in question (Murphy, 2007). Among them are dretbutrient and water retention,
improved cation exchange capacity, and increasédrscrobial activity (Engelsjord et al.,
2004; Murphy et al., 2004; Kaminski et al., 2004armilid et al., 2005). In spite of these
benefits, many greens have been constructing wi?d sand mostly to save costs. It has
been claimed that the organic matter content iretftge rootzone will increase over time, but
research shows that this happens mostly in the bymmer layer (Liu, 2004; Murphy, 2007).
A common phenomenon on sand-based rootzones iswsddr repellency which causes
localized dry spots, fingered flow and unnecessatyient losses from golf courses (Bauters
et al., 1998; Dekker et al. 2001; Larsbo et alQ&0Aamlid et al., 2009). Although soil
surfactants (wetting agents) help to overcomewatkr repellency (Aamlid et al., 2009), the
phenomenon is still a problem, especially on shiasgnd rootzones.

Instead of peat which is a non-renewable resouseed-based rootzones may be
amended with compost. The physical, chemical, aotbdical quality of compost varies
depending on the source and on the composting gsqdéurphy, 2007). Although there are
some data available on the utilization of compost®American putting greens (Murphy et al,

2004; Liu, 2004), the increased interest among @oamian greenkeepers for garden
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compost ought to be followed up by research beytha&l preliminary data provided by
Aamlid (2005). As composts usually have pH of 7tzhgher, a pertinent question if this
amendment will meet the requirement of velvet bexstg which is traditionally regarded as
being adapted to acid soils (pA (Torello, undated).

The use of compost is also interesting from thesmestive of integrated pest
management (IPM). Suppressive effects of composthendevelopment oMicrodochium

nivale andTyphula ishikariensis were reported by Boultet al. (2002a).

2.4. Irrigation schedules and water conservation

Globally there is a focus on water conservatiom, amuch work has been devoted to effects
of reduced irrigation on turf quality and healthid® and Fry, 1996; DaCosta and Huang,
2006a,b; McCann, 2008). The optimal irrigation skthe (amount and frequency) for a
certain turfgrass area depends on the speciesr wadgiirement, rootzone water holding
capacity, and turfgrass evapotranspiration whichiraglepends on radiation, temperature,
relative humidity, and wind (Meyer and Gibeault869 Aronson et al., 1987; Huang, 2006;
Aamlid et al., 2008).

Few data are available on the water requiremeniebfet bentgrass. DaCosta and
Huang (2006a) reported that velvet bentgrass maadaunder fairway conditions performed
better at 60% and 80% (deficit irrigation) tharl@0% evapotranspiration replacement. They
concluded that velvet bentgrass has lower watarirements and more capacity for osmotic
adjustment than creeping bentgrass and colonialtgkass. The investigators also
demonstrated that velvet bentgrass exhibited losedr water depletion, higher water use
efficiency, and lower carbon isotope discriminatiian other bentgrass species (DaCosta
and Huang, 2006b).

Fry and Huang (2004) introduced the terms ‘fielghazaty-based’ and ‘wilt-based’
turfgrass irrigation. Field capacity-based irrigatiimplies a light and frequent irrigation
pattern always keeping the rootzone close to fielolacity. Conversely, wilt-based irrigation
implies a deep and infrequent irrigation patternclvtallows the rootzone to become depleted
for water at certain intervals. The effects of theentrasting irrigation strategies on turfgrass
visual quality, playability, thatch formation, rodévelopment, and nutrient leaching have not
been sufficiently investigated. Deeper rooting assult of infrequent irrigation has been
shown to enhance turfgrass survival during dryqekxi(Qian and Fry, 1996; Jordan et al.,
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2003; Fu and Dernoeden, 2009b). However, in sdita mostly lower soil water content,

deep and infrequent irrigation is often considetedcause more drainage and nutrient
leaching than light and frequent irrigation (Staedtal., 1995; Kenna and Snow, 2000; Fry
and Huang, 2004; Barton and Colmer, 2006). Ongittasand, this phenomenon is often
referred to fingered flow which develops due toagructuations in soil water content and
soil water repellency (Bauters et al., 1998; Ne&tet al., 1999; Larsbo et al., 2008). This
situation may, however, be different in a coasliahate where natural rainfall often results in

oversaturation and thus drainage from the turfgrastzone.

2.5. Thatch control — a central issue in managemeuwf velvet bentgrass

Thatch is defined as "an intermingled organic layer oddleand living shoots, stems, and
roots of grasses that develops between the turbpsamf green vegetation and the soil
surface” (Beard, 2002). The termat is used for the layer which is formed when thatch
intermixed with sand in the case of topdressinga(Be 2002). Excessive thatch layers
develop when thatch accumulation exceeds thatchadetion (Beard, 2002). As already
mentioned, McCoy (1992) and Murphy et al. (199&tmsidered critical values for organic
matter content in turfgrass rootzones to be 3.5nth 45 %, respectively, and these limits
have also been used for the mat layer (Carrow, 2004

Velvet bentgrass accumulates more thatch than tinigrass species especially if the
velvet bentgrass is maintained as creeping bersgRmehart et al., 2005; Aamlid et al.,
2010) (Photo 2).

TR Pen GReeN
ofE Do Gb WICH
R YRR 2

Photo 2. Thatch accumulation 15 months after sowingf
red fescue Calliope, colonial bentgrass Bardot, ceping
bentgrass Penn G6 and velvet bentgrass Greenwich.
(Photo: Trygve S. Aamlid)
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Among the problems caused by excessive thatch brgggens are reduced water infiltration
and increased risk for disease injury, scalping, spots, and poor playing quality (Jordan,
2008).

Thatch control can be grouped into (1) preventibexxzessive plant growth and shoot
density, e.g. by confined fertilizer inputs andigation (2) thatch dilution by sand, (3)
mechanical thatch removal, and (4) enhancemeni@bbial thatch degradation.

2.5.1. Nitrogen fertilization

Excessive plant growth leading to thatch can beimaed by appropriate nitrogen
fertilization. Velvet bentgrass is considered tquiee less nitrogen than creeping bentgrass
(Brilman and Meyer, 2000; Torello, undated). Thare, however, few studies comparing
fertility programs on either newly-established oatare greens of velvet bentgrass. A 5 year
study by Skogley (1975) starting on a 3 year okkgrwith velvet bentgrass ‘Kingstown’ on a
fine sandy loam in Rhode Island (nitrogen rate ryestablishment not stated) showed that
146 kg N ha yr? led to better performance over time than 244 a## kg N hat yr.
Thirty-two years later Boesch and Mitkowski (200Wrking at the same university, reported
acceptable turf quality from nitrogen rates varyingm 48 to 146 kg Ha yr* on greens
sodded with velvet bentgrass ‘SR 7200’ (EuropeamendAvalon’) on a silt loam soll.
However, these authors also concluded that velertgoass required at least 196-243 kg N
hat yrt during the first two years following nine montbkestablishment from seeds on a
sand root zone amended with 20-30 % (\@hagnum peat. Recently, Koeritz and Stier
(2009) suggested that velvet bentgrass responsigregen rate was cultivar specific. They
indicated that a nitrogen rate of 146 kg N*ha™ on a sand-based root zone was sufficient
for newly established ‘Vesper’, but not for ‘SR72@®@valon’). Among these studies, only
Skogley (1975) reported data regarding thatch aatation. The investigator showed 11.4-
12.5% (w/w) organic matter in velvet bentgrass mbits, surprisingly, these numbers were
not affected by nitrogen rate under the given expantal conditions.

Carrow et al. (1987) stated that thatch will inseavith increasing nitrogen input at
both deficient and excessive fertility levels, bemain constant with increasing nitrogen rate
at an intermediate level. This assumption was basedis data showing no significant
increase in the percentage of mat organic mattdrammat layer with an increase in nitrogen
rate from 98 to 296 kg N Rayr? in a 3-yr study on a bermudagrassyhodon dactylon (L.)
Pers. xC. transvaalensis (Burtt-Davis)] home lawn. Skogley (1975) also fduthat eight
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years with fertilizer rates varying from 146 to 3d® N ha?! did not influence the percentage
of organic matter in mat samples from a velvet teass green. There are, however,
conflicting reports showing higher nitrogen ratesexacerbate thatch problems in various
turfgrass species (e.g. Meinhold et al., 1973;dPett al., 1985; Davis and Dernoeden, 2002).

2.5.2. Topdressing and mechanical treatments

Numerous studies have demonstrated effects of ésporg and mechanical treatments on
thatch formation. Topdressing (Murphy, 1983; Wh#ted Dickens, 1984; Smith, 1979;
McCarty et al., 2005, 2007) or return of soil frémllow tine coring (Murphy et al., 1993a;
Fu et al., 2009) will usually decrease the contérdrganic matter in mat by dilution, but at
the same time, these treatments also increase ep#t.dBased on microscopic observations,
Ledeborer and Skogley (1967) reported enhancedhtadggradation in old velvet bentgrass
sod that had been dressed regularly compared withiret had not received topdressing for
nearly 20 years. Still, the contribution of topdiieg to microbial thatch degradation remains
controversial (Murphy, 1983; Carrow et al., 198oudlard et al., 1997; McCarty, 2005).

Vertical cutting and hollow tine coring usually e mat depth due to direct thatch
removal (Smith, 1979; McCarty, 2005). However, #iect of coring (Carrow et al., 1987;
McCarty et al., 2005, 2007; Barton et al., 2009rtical cutting (Carrow et al., 1987,
McCarty et al., 2005, 2007) or spiking (Murphy &t 4993a) on the percentage of organic
matter in the mat layer is often small unless caradiwith topdressing. Depending on timing
and frequency, mechanical treatments are sometfilisesptive to turfgrass surfaces (White
and Dickens, 1984; Carrow et al., 1987; McCartalet2005; Fu et al., 2009), and this may
be particularly harmful in velvet bentgrass becanisthe poor recuperative capacity of this
species (Boesch and Mitkowski, 2007).

2.5.3. Biological thatch control

Thatch is composed mainly of cellulose, hemicefieland lignin (Ledeboer and Skogley,
1967; Couillard and Turgeon, 1997). Lignin is a ptem aromatic polymer that is extremely
resistant to degradation (Kirk, 1971; Crawford &rdwford, 1980). Biodegradation of lignin
iIs mainly accomplished by a few species of funga(tith and Dale, 1980; Blanchette, 1991,
Sidhu et al. 2010), but bacteria (Vicufia, 1988; @enmann, 1990), especially actinomycetes
(Crawford, 1978), have also been reported as ligitegraders. Degradation of thatch is

essentially an aerobic process and the degradatierdepends on turf age (Shi et al., 2006),
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soil temperature, soil moisture content (Donnetlple 1990; Pastor and Post, 1986), soil pH
(Martin and Beard, 1975), and the carbon-to-nitrod€:N) ratio (Raun et al., 1998;

Henriksen and Breland, 1999). It has been clainhad application of products containing

fungi, bacteria, enzymes or other bioactive inggeti will enhance thatch degradation
(Crawford, 1978; Martin and Dale, 1980; Roudsarakt 2008), however the efficiency of

such products under field conditions remains comtrgial (Chamberlain and Crawford, 2000;
McCarty et al., 2005, 2007).

3. MAIN RESULTS AND DISCUSSION

3.1. Winter hardiness of velvet bentgrass

3.1.1. Metabolic changes during cold acclimation and tolerance to freezing

As determined by whole plant survival after 3 weelsrecovery in the greenhouse the
freezing tolerances velvet bentgrass turf weresmgtificantly different from that of creeping
bentgrass turf receiving the same acclimation rtneats (Paper 1). Moreover, the freezing
tolerance did not vary among velvet bentgrass varsi (Paper Ill). Gusta et al. (1980)
previously reported that creeping bentgrass plaimés had been acclimated under field
conditions were able to survive temperatures asdew35 °C (LFo). Taken together, this
would suggests that the better winter survival efvet bentgrass compared to creeping
bentgrass in Scandinavian variety trials (Aamlichle 2006) was not due to differences in
freezing tolerance.

Freezing tolerance of both bentgrass species waanead by acclimation treatments
(Paper 1, 3) as was previously showed in wintegalsy forage grasses, and annual bluegrass
(e.g. Veisz and Sutka, 1989; Livingston, 1991; Brao et al., 1993; Livingston et al., 2009).
The LTso based on whole plant survival was significantlyueet by exposure of plants to 2
°C and light for 2 weeks (-12.7 °C) or 4 weeks (514C) (Paper ).

Cold acclimation resulted in changes in nonstrataarbohydrates in both bentgrass
species (Paper I). The major nonstructural carbtgd in crown tissues of velvet bentgrass
and creeping bentgrass were fructans (35 and 58%otaf nonstructural carbohydrates,

respectively) followed by sucrose (27 and 13%, eespely). Increased freezing tolerance
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after 2 weeks at 2°C was associated with 2-fold &fmld increases in crown sucrose content
and 4-fold and 3-fold increases in crown fructamteats in velvet bentgrass and creeping
bentgrass, respectively, compared with nonacclichptants. These findings are in line with
earlier studies reporting cold-induced increaseshi content of sucrose and fructans in
winter cereals, forage grasses, and annual blugfrasngston, 1991; Olien and Clark, 1993;
Tronsmo et al.,, 1993; Dionne et al., 2001a). While content of fructans increased with
acclimation time (5-fold increase in velvet benggand 4-fold in creeping bentgrass after 4
weeks at 2°C compared with nonacclimated plantg) sticrose content after 4 weeks at 2°C
just slightly increased in velvet bentgrass andaieed at the same level as after 2 weeks at
2°C in creeping bentgrass. It is also worth nothmg the sucrose contents in turfgrass crowns
were similar in acclimated plants of velvet bensgrand creeping bentgrass (27 and 24 kg
DW, respectively), while creeping bentgrass hadighdr content of fructan than velvet
bentgrass both initially (31 vs. 15 g’kBW) and after acclimation (99 vs. 63 g'kgWw).

No differences in freezing tolerance between vebattgrass and creeping bentgrass
may have been due to similar levels of sucrosdentivo species after the first acclimation
stage. A high correlation between levels of monuwd disaccharides and freezing tolerance
was found in winter wheat by Fowler et al. (198h)l & oshida et al. (1998). In contrast, a
direct contribution of fructans to freezing tolecann the bentgrass species seems negligible
since the considerable difference in crown fructamtent between velvet bentgrass and
creeping bentgrass had no significant impact oL thg of the two species (Paper ).

Additional freezing tolerance was acquired aftew@eks of subzero acclimation in
darkness following 2 weeks at 2 °C and high ligttemnsity (Paper 1ll), but not after 4 weeks
at 2°C) (Paper I). The sufficiency of artificial cdicnation depends on light intensity,
temperature, day length (Huner et al., 1993; Tepparet al., 2001), and duration of the first
(Veisz and Sutka, 1989; Vagujfalvi et al., 1999} aecond (Herman et al., 2006) stages of
cold acclimation. The negligible effect of subzaxxlimation in Paper | could be due to the
four week duration of the first acclimation stagecontrast to only two weeks in Paper Il
Unlike Veisz and Sutka (1989) and Vaguijfalvi et (@999) who found a negative effect of
prolongation of the first acclimation stage on fieg tolerance of wheat (from 7 to 8 weeks
and from 5 to 6 weeks, respectively), and Dionnalet(2001a) who found no effect of
prolongation of acclimation at 2°C (light) from & 84 weeks in annual bluegrass, Paper |
shows significantly better freezing tolerance aftehan after 2 weeks of acclimation at 2°C
in velvet bentgrass and creeping bentgrass. Anatkglanation could be that the effect of

subzero acclimation was not sufficiently expresseBaper | as plants were exposed to each
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freezing temperature for only 2 h in contrast ton2h Paper Ill. Dionne et al. (2001a) found
an additional effect of subzero acclimation evethvanly 1 h exposure to various freezing
temperatures in annual bluegrass, but this may besltifferent in the more winter-hardy

bentgrass species. In any case, the distinctiowdeet the first and second stage of cold
acclimation becomes less apparent under field dondiwith fluctuating temperatures. In the
Paper lll it is, indeed, noteworthy, that the higth&eezing tolerance was achieved after
outdoor acclimation, despite the fact that the ageright intensity in the field from 1 Oct. to

1 Jan. was significantly lower than in the indooclanation chamber.

The effect of subzero acclimation on carbohydragtatmolism in turfgrasses has been
poorly studied. A decrease in fructans in velventgess (only a tendency) and creeping
bentgrass after subzero acclimation (Paper 1) agweiéh previous studies in ryesSdcale
cereale L.) (Olien and Lester, 1984), barlepdrdeum vulgare L.) and oat Avena sativa L.)
(Livingston, 1996), and annual bluegrass (Dionnealet 2001a). In contrast to annual
bluegrass showing an increase in sucrose, glueosefructose as a result of fructan depletion
in response to subzero acclimation (e.g. Dionn&.eR001a), velvet bentgrass and creeping
bentgrass only showed a slight increase in redusuiggirs (fructose and glucose) (Paper I). A
cryoprotective role of fructose was earlier reporte rye (Olien and Clarke, 1993). Further
research is underway to clarify to what extentitioeease in freezing tolerance after subzero
acclimation was associated with hydrolysis of famstto mono- or disaccharides.

Both acclimation at 2 °C for 4 weeks and subsequseitizero acclimation led to
quantitative changes in crown protein content d¥etebentgrass (Paper Il). Currently, there
is little evidence regarding protein changes inneraissue of cool-season turfgrasses in
response to the first and second stages of acaimaimilar to findings in wheat (Herman et
al., 2006), differences in protein expression owar tissue between nonacclimated plants and
plants subjected to the first acclimation stagevéeks at 2°C) were more pronounced than
differences between plants exposed to 4 weeks@taRt plants exposed to 4 weeks at 2°C
followed by subzero acclimation. The cold-respoesproteins identified in our study had
metabolic, energy, and defence functions. Amongepme up-regulated after 4 weeks at 2°C
were methionine synthase, serine hydromethyltraségr aconitase, UDfRglucoronate
decardoxylase, and a putative glycine rich proté€he increased freezing tolerance might be
associated with enhanced amino acid synthesise sedne hydroxymethyltrasferase and
methionine synthase were up-regulated by acclimatiarge and small subunits of rubisco,
glyceraldehyde-3-phosphate dehydrogenase (GAPDid) patative peroxidase were down-
regulated. Our data on the expression of enzymeasvied in the Calvin cycle (rubisco) and
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glycolysis (aldolase, GAPDH) suggest that acclioratof velvet bentgrass at low non-
freezing and sub-freezing temperatures occurs urslgpressed photosynthesis and

respiration.

3.1.2. Evaluation of freezing tolerance by indirect methods

Results indicated that triphenyltetrazolium chlerid TC) reduction slightly underestimated
freezing tolerance compared with whole plant swalvigyPaper 1). This might reflect
heterogeneous crown tissue as has been shownr gdidieino and McKersie, 1985). The
meristematic crown region is small compared to@urding tissues, and much of the tissue
that was injured by frost in our study was probaidy-meristematic and thus not responsible
for recovery. Nonetheless, the correlation betwe€g, values estimated by TTC reduction
and those estimated by whole plant survival way Wegh (r=0.97 p<0.05), which suggests
that the TTC technique is sensitive enough to ddteatment and/or genotype differences
over a wide range of Lgf values. This method should be further explored espid method
to screen freezing tolerance of grasses.

In contrast to those obtained by TTC reduction, thgo values determined by
electrolyte leakage were not significantly correthtvith those determined by whole plant
survival (r=0.34) (Paper 1). Electrolyte leakadeacly underestimated freezing survival as

was previously reported for perennial ryegrass (bt al., 2002).

3.1.3. Resistance to pink snow mold and tolerance to ice cover

Acclimation for 2 weeks at 2°C significantly impex resistance to pink snow mold (Paper
[l). This finding is in accordance with earlierviestigations showing cold acclimation to
enhance resistance to pink snow mold in winteraiserand forage grasses (Tronsmo, 1984;
Hofgaard et al., 2006). Resistance to pink snowdnaidl not vary among velvet bentgrass
cultivars, but velvet bentgrass was more susceptiblM. nivale than creeping bentgrass
‘Penn A-4’. As snow mold resistant cultivars of v@nwheat have been shown to accumulate
higher levels of polysaccharides and metabolizentte slower rates than susceptible
cultivars (Yoshida et al., 1998), it might be sdated that the higher fructan levels in
creeping bentgrass could contribute to snow madtstance. The small differences in snow
mold resistance in velvet bentgrass were probably @ little genetic diversity as most
cultivars came from the same breeding program (@B, pers. Comm. 2011). This is

different from annual bluegrass where Aamlid et (@008) and Bertrand et al. (2009b)
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reported genetic variability in resistance to pistkow mold among ecotypes naturally
selected in areas with various duration of snoweco%imulated snow cover for 6 and 12
weeks reduced survival of acclimated velvet anepmireg bentgrass plants which had been
inoculated withM. nivale by 44% and 41%, respectively, compared with uncavgalants
showing 100% survival in darkness at 0.5 - 2CO(Paper ll). The results suggest that even
acclimated plants of velvet bentgrass and creefegtgrass that have been optimally
acclimated under field conditions are not abledmpletely withstand snow mold invasion in
the presence of snow cover. In agreement with tigagsons into forage grasses (Arsvoll,
1973) prolongation of the snow cover from 6 to 18ews only insignificantly decreased
survival of plants inoculated witkl. nivale.

Simulated ice cover for 12 weeks caused the ladgstage regardless of acclimation
and/or inoculation with snow mold (only 9% survivdh contrast, 99% of acclimated plants
and 58% of nonacclimated plants survived 6 weeksiwmiulated ice cover regardless of
inoculation with the snow mold (Paper Ill). Thevdmpment of anaerobic conditions and
accumulation of toxic gases under the simulatedcioeer (Levitt, 1980; Aamlid, 2008)
probably inhibited both snow mold and turfgrasswglo The prolonged ice cover may also
have resulted in the loss of hardiness as was demaded in annual bluegrass and creeping
bentgrass by Tompkins et al. (2004). Our resultgyest that the critical duration of anoxic
conditions for survival of velvet bentgrtass andeping bentgrass lies between 42 and 84
days. Aamlid et al. (2008), using a similar teclueido that in our experiment, found critical
ice encasement periods of 25-30 days in annualgkdsse and 42-47 days in creeping
bentgrass.

3.1.4. Winter survival in thefield

In the first spring after sowing at Landvik, lggsk snow mold was observed on plots with
the higher (150 kg N Rayr?) than with the lower (75 kg N Hayr®) nitrogen rate. An effect

of topdressing was expressed only at the low rétnogite where light topdressing led to less
injury than heavy topdressing (Paper IV). The faet less pink snow mold was observed on
plots with 150 kg N ha yrt than with 75 kg N ha yr! does not contradict the general
opinion that snow mold development on turfgrassemhanced by excessive nitrogen
application in the fall (Smith et al., 1989). Indeeur highest nitrogen rate was not excessive
for immature turf, and nitrogen inputs in the falere always adjusted to ensure good

acclimation. On the other hand, the lowest nitroggte was probably insufficient to ensure
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optimal plant growth prior to the first winter. Wih reasonable limits, there is substantial
evidence that increasing fertilizer inputs will iroge turfgrass winter survival and spring
growth rather than suppress it (e.g. Carow e2@D]1; Lloyd, 2009).

Better turfgrass performance on compost-amende €& Mix’) rootzones compared
with straight sand rootzones was observed in thegpnd fall at Landvik and reflected less
injury by M. nivale (Paper V) These results are substantiated by earlier rehsving
suppressive effects of compost on soil-borne tadgriseases (Boulter et al., 2002b; Nelson
and Boehm, 2002; Tilston et al., 2002). Boulterakt (2002a) found a reduction in the
development oM. nivale and Typhula ishikariensis on a 4-5 year old creeping bentgrass
green after topdressing with compost. They alse®desl a quicker green-up and recovery
from dormancy on compost-amended plots.

In continental climate at Apelsvoll, the effects mfrogen and topdressing on velvet
bentgrass winter survival were less clear-cut tathandvik (Paper 1V). All experimental
plots at Apelsvoll were reseeded in spring afterftist winter, and the whole experiment had
to be discontinued after the second winter. This dae to the green at Apelsvoll having a
continuous layer of ice for nearly four months dgrithe first winter and being even more
injured by melting water during the second wintercontrast, the green at Landvik was never
covered by ice or water for more than a couple ekks. Although velvet bentgrass at
Apelsvoll showed poor winter survival in our stud@yparallel variety evaluation trial on the
same experimental green confirmed our previousirigsl (Aamlid et al., 2006) that winter
survival of velvet bentgrass is mainly better tlodrcreeping bentgrass under Nordic climate
conditions (Molteberg et al., 2010).

3.2. Management of newly established velvet bentga greens

3.2.1. Turf visual quality, root development, soil water repellency, and leaching

Rootzone composition, irrigation regime, nitrogexter topdressing level, and mechanical
treatments had significant impacts on velvet besgmperformance during the first and the
second year after sowing (Paper 1V, V).

In spite of lower fertilizer inputs, velvet bentgsaperformed generally better on the 80
sand: 20 garden compost (v/v) rootzone than onstr@ght sand rootzone (Paper V).

Nitrogen losses in the form of nitrate/nitrite wegight and three times higher from straight
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sand plots compared with compost-amended plothansbwing year and in the first year
after sowing, respectively. This is in accordancéhwearlier investigations showing
amendment with compost to improve the water hold@ingd nutrient retention capacities and
enhance turf quality on sand-based rootzones (Mc@692; Brauen and Stahnke, 1995;
Gibbs et al., 2000; Joo et al, 2001; Murphy et2004; Aamlid, 2005). As already discussed
in relation to winter survival, the reduction inrfgrass overall impression and shoot density
on straight sand plots was more noteworthy in gpand fall than during summer. In the
second year after sowing, differences in nitratetaileaching rate from the two rootzones
were no longer significant (Paper V).

Straight sand plots showed strong and severe wapsllency at most investigated
depths in contrast to compost-amended plots whiehewvettable or only slightly water
repellent. The higher water repellency on straighud plots corroborates earlier studies
showing water repellency to be an important prgpeftsand which develops when the soil
water content is depleted below a certain critibe¢shold (Bauters et al., 1998; Dekker et al.
2001; Larsbo et al., 2008). Our results suggest deaelopment of water repellency on
straight sand plots was delayed but not totallw@néed by light and frequent irrigation. In
the last year of the study we even found that aedese in turf quality in response to light and
frequent irrigation on straight sand plots was eisdéed with stronger water repellency in the
mat layer and lower water infiltration rate thartwileep and infrequent irrigation (Paper V).
We have no good explanation for this phenomenorsbggest that a high moisture in the
mat layer could lead to microbial water repelleilkinson and Miller, 1977; Hallet et al.,
2001) or repellency induced by the products of piganatter decomposition or by the
exudates from grass roots (Doerr et al., 2000).

Although turf visual quality was generally lowehnete were always more roots at 6- to
10-cm and 10- to 20-cm depth on straight sand trasompost-amended plots (Paper V).
The higher root density in the lower layer moseljkmaximized water and nutrient uptake
due to the lower soil moisture content (Huang et1&l97; Leinauer et al., 1997).

Light and frequent irrigation provided better ouermpression during the first year after
sowing compared with deep and infrequent irrigatiout the effect of irrigation frequency
was reversed on straight sand plots by the endeo$¢cond year (Paper V) (Photo 3). This is
in line with earlier research (Jordan et al., 2068; and Dernoeden, 2009a). Fu and
Dernoeden (2009a, 2009b) showed that deep andquere irrigation resulted in higher
turfgrass chlorophyll content, but also led to d@epot system and thus in better adaptation

of creeping bentgrass to wilt stress than light faequent irrigation. We also found that deep
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and infrequent irrigation led to more roots at gtheof 10-20 cm in the straight sand
rootzone by the end of the study. A similar tengemas observed even in the compost-

amended rootzone, but this effect was not significa

2008 2009

June August  October June July October

Photo 3. Effects of rootzone composition and irriggon regime on performance of velvet bentgrass dunig
2008 and 2009. The green was seeded in June 200ifofs show irregular patches on GM appeared first
in August 2009. Abbreviations: SS, straight sand; @l, ‘Green Mix’; LF, light and frequent irrigation;
DI, deep and infrequent irrigation.

SS

GM

Infrequent irrigation to field capacity on estahbsl velvet bentgrass greens was a
better strategy than frequent irrigation also beeainfrequent irrigation caused lower
drainage volumes than light and infrequent irrigat(significantly in the end of the second
year after sowing) (Paper V). This happened asuéetly irrigated plots were usually closer
to field capacity and therefore had less spacebsoréd natural rainfall than infrequently
irrigated plots. In contrast, infrequent irrigatiaras earlier shown to cause higher drainage
volumes and often higher nutrient losses. This wéen related to fingered flow or

inadequate timing of irrigation and/or fertilizewputs (Starrett et al., 1995; Bauters et al.,
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1998; Kenna and Snow, 2000; Fry and Huang, 2004pBand Colmer, 2006; Nektarios et
al., 2007).

Irrespective of type and amount of organic maittethe rootzone, a nitrogen rate of
150 kg ha yrt gave acceptable overall impression and shootityetisring the first year
after sowing (Paper 1V) (Photo 4). By contrast, lthe nitrogen rate of 75 kg ayr* became
sufficient to more mature turf in the second ydéeraestablishment. Our results suggest that
well-established greens with velvet bentgrass aamhintained at lower nitrogen rates than
reported by Skogley, (1975), Boesch and MitkowgKi07), and Koeritz and Stier (2009) for
other velvet bentgrass cultivars.

2008 2009 2010
April June August October June July Octobel

7m-m . : ".r:
150kg N
14 mm

Photo 4. Effects of nitrogen (75 or 150 kg hayr™) and topdressing (0.5 or 1.0 mm sand biweekly) on
performance of velvet bentgrass plots receiving gaming in 2008-2010 at Landvik. The green was seeded
in June 2007.

75kg N

Immature turf performed better under light (7 mrit)ythan under heavy topdressing
(14 mm yi'), but, as with irrigation frequency and nitrogexter the response was reversed
from two years after sowing (Paper IV). Even sghtl topdressing cannot be recommended
in combination with 150 kg haiyr? as it led to an unacceptable percentage of argaaiter
in the mat layer (8.1%).

An undesirable infestation of mosBryum spp) was observed whefphagnum peat
was used as organic amendment at Landvik (PaperLBgs competition from the turf and
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more competition from the moss occurred at the loiivogen rate, especially when

topdressing was also low. The heavy topdressingagiy resulted in a dryer surface. It is
well documented that moss infestation will be m@sthounced under wet conditions and at
low fertilizer inputs (e.g. Brauen et al., 1986;hmel, 1994; Cook et al., 2002). Borst et al.
(2009) also found topdressing to be helpful in pfmg long-term moss control on putting

greens.

Compared with nitrogen rate and topdressing lahel effect of mechanical treatments
on turfgrass visual quality was less pronounceapixfor the initial coring and spiking which
significantly decreased overall impression of tftneniature greens at Landvik and Apelsvall,
respectively (Paper 1V). Later, vertical cuttinguéted in better overall impression than the
other mechanical treatments at Apelsvoll, and #mestendency was observed at Landvik. As
compared with the other mechanical treatments,icagrtutting probably led to better
incorporation of topdressing sand (Pease, 2009) paovided a smoother surface with better
mowing quality and less risk for scalping.

3.2.2. Playability

Turfgrass ball roll distance was 6-17% longer omtpreceiving 75 kg N hayr! compared
with 150 kg N ha yr? (Paper V), but this character was not influenbgdopdressing level
(Paper IV), mechanical/biological thatch contreltments (Paper IV), rootzone composition
(Paper V) or irrigation regime (Paper V). The negilie effect of rootzone is in accordance
with earlier investigations (Baker and Richard93;Baker et al., 1999; Gibbs et al., 2000).
At Landvik, surface hardness was improved by tive M rate (vs. high) and heavy
topdressing level (vs. light). Among mechanicalatneents, spiking in combination with
grooming led to the softest green surface. Theobioal product ‘Thatch less™ slightly
increased hardness of plots receiving spiking andrging treatments. At Apelsvoll, surface
hardness was lower than at Landvik and was sigmiflg affected by topdressing level and
mechanical treatment. Heavy topdressing incredsedurface hardness of plots that received
spiking in combination with grooming, but had ndeet on plots that received grooming
only or vertical cutting in combination with groamgi (Paper V). Irrigation regime did not
influence surface hardness (Paper V). Newly estabtl playing surfaces were 20% harder
on straight sand than on compost-amended plotpe(Pé), but in accordance with earlier
investigations (Baker and Richards, 1995; Gibbslgt2000; McCarty, 2005, 2007), this

difference was no longer significant in the secgedr after establishment. Similar mat depth
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and equal content of organic matter in the mayrlayearious combinations of rootzone and
irrigation regime treatments resulted in the mirdimidferences in hardness on the mature

green.

3.2.3. Thatch formation and thatch control

The content of organic matter in the mat varieanfi®.6 to 8.7% among the 16 combinations
of nitrogen rate, topdressing level, and mechadiballogical treatments, but remained stable
for each combination from 16 to 28 months after isgw(Paper IV). Nitrogen rate and
topdressing level had the highest impact on thidghation and we also found an interaction
between these factors. Both at Landvik and Apelstlaé content of organic matter in the mat
increased by nearly 2 percentage points with aregse in N rate from 75 to 150 kg hgr
under light topdressing, but it was low and virtyainaffected by nitrogen rate under heavy
topdressing (Photo 5). This suggests that topdrgssantributed not only to thatch dilution,
but also to thatch degradation. The heavy topdigssprovided adequate oxygen
concentration in the mat where more nitrogen ndy stiimulated turfgrass growth but also
microbial degradation of organic matter through Hicption of soil microbial communities
(Blagodatskaya and Kuzyakov, 2008) and/or a lowéf i@tio (Berndt et al., 1992; Henriksen
and Breland, 1999; Roudsari et al., 2008). This@fhas sometimes been referred to as the
“added nitrogen interaction” (Jenkinson et al., 1985) or thepdsitive priming effect”
(Kuzyakov et al., 2000).

Photo 5. Effects of nitrogen rate and topdressingelel on
thatch formation (expressed as organic matter peradgage)
on velvet bentgrass green.

Mechanical treatments had no significant effecttos percentage of organic matter in
the mat by the end of first year after sowingatdvik and Apelsvoll (Paper IV). However,
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by the end of the second year at Landvik, groonphgs vertical cutting, i.e. the only
treatment where organic matter was physically resddvom the green, had reduced organic
matter in the mat by 1.1 percentage point compaititd grooming only. Earlier studies also
showed a negligible effect of mechanical treatmemmsgreens that were either young
(McCarty et al., 2005; Barton et al., 2009) or lzedinitial content of organic matter in the
mat layer lower than 3.5% (McCarty et al., 200R)contrast, Carrow et al. (1987) reported
that vertical cutting twice per year reduced orgamatter in the mat from 15.3% to 14.1%
even without topdressing on a bermudagrass home law

In contrast to nitrogen, topdressing, and verticatting, rootzone composition and
irrigation regime had negligible effect on the @mttof organic matter in the mat (Paper V).
In contrast, Fu and Dernoeden (2009a) reported®24dd 20.0 % organic matter in the mat
on a creeping bentgrass green compared after tews ydth light and frequent and deep and
infrequent irrigation, respectively, but in our @y any possible effect of irrigation on organic
matter accumulation was probably masked by oumfatitopdressing program. On average
for treatments we detected a reduction in the acgawatter content in the mat from 9.7% to
8.3% from the first year to the second year, amslas most likely mediated by an increase
in the topdressing level from 4 to 9 mnityand a concomitant reduction in the N rate from
192 to 131 kg Hayr™ on straight sand plots and from 131 to 108 Kg yr& on compost-
amended plots. This observation underscores theopr@ant effect of nitrogen and
topdressing on thatch formation shown in Paper IV.

As with organic matter percentage, mat depth wgsfstantly affected by nitrogen rate
and topdressing level (Paper 1V), but not by ronezoomposition or irrigation regime (Paper
V). From 16 to 28 months after establishment mattdéncreased by 65-98% depending on
nitrogen rate and topdressing level in our firstdf study (Paper 1V) and doubled regardless
of rootzone composition in our second field stuBgger V). Grooming plus vertical cutting
reduced mat depth by 2.3 mm compared to plots gridloming only, but neither this effect
nor the effects of spiking or ‘Thatch less™’ wergnificant (Paper 1V).

The average depth of the mat layer by the endeofitht growing season was lower at
Apelsvoll than at Landvik (10.7 mm vs. 13.8 mpx0.006), while the average content of
organic matter was higher at Apelsvoll than at hak@6.9 % vs. 5.9 %p=0.019). This was
most likely due a colder summer with less degradatf organic matter and to a shorter
growing season with therefore fewer events of tepsing and mechanical treatments at

Apelsvoll than at Landvik.
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In the second year after sowing, irregular patoh#s enhanced shoot growth were
observed on some compost-amended plots at Lankhdgection of the mat layer indicated
that the dark-colored thatch, most likely ligninadh been degraded, and microscopic
observation suggested that it could be caused lyngi belonging to Basidiomycota,

probably white-rot fungi contained in the compdai@gmela et al., 2000).

4. MAIN CONCLUSIONS AND FUTURE PERSPECTIVES

The superior winter survival of velvet bentgrasstie variety trials from 2003 to 2006
(Aamlid et al., 2006) has not be fully explained this thesis. In the test series under
controlled environmental conditions, the speciesaxgd the same freezing tolerance, with no
difference between cultivars, as creeping bentgraisd velvet bentgrass was in fact more
susceptible taMicrodochium nivale than creeping bentgrass. Even with optimal acdlona
neither velvet bentgrass nor creeping bentgrase wabie to resist snow mold infection
sufficiently under simulated snow cover. This fastfortunately, reduces the potential of the
species on Nordic golf courses. On golf greens tloamally suffer from pink snow mold,
today’s varieties of velvet bentgrass or creepimmtgrass will be not able to provide
excellent turf in spring without fungicide use. rHmth species, the most efficient way to
improve snow mold resistance is probably to empeatiis aspect in the breeding program.

Acclimation improved freezing tolerance, susceptibito pink snow mold, and
tolerance to anoxia. Simulated ice cover causedattgest damage regardless of acclimation
and inoculation withM. nivale. This supports common observations of winter damage
Norwegian golf courses. The critical duration ofosia for survival of bentgrasses was
between 42 and 84 days. This ought to be validatéae field as the critical ice duration can
differ from that under the simulated conditionseThechanisms underlying the tolerance to
ice damage also need further research.

Similar freezing tolerance of velvet bentgrass anekping bentgrass was associated
with similar crown sucrose content. By contraspwan fructan content was considerably
higher in creeping bentgrass than in velvet bestgrapparently, fructans did not directly
contribute to freezing tolerance. Additional stisdage needed to find out whether the lower
fructan accumulation in velvet bentgrass refleciser rates of metabolic processes in the

species and how this influences other aspects @fotrerwintering ability, particularly,

28



resistance to snow molds, tolerance to ice covedsamoxia, deacclimation ability, and the
recuperative capacity in spring.

Velvet bentgrass and creeping bentgrass showedrisugeeezing tolerance when
acclimated under the field conditions with low lightensity, temperature fluctuations, and
no distinction between the first and second stagfesold acclimation. This suggests that
weather conditions in fall provide good acclimatiand acquirement of winter hardiness.
Along with research on the mechanisms underlyinld eaclimation, additional studies are
required to identify factors affecting loss of airgd winter hardiness during either winter or
early spring.

While this investigation showed that establishmad maintenance of velvet bentgrass
is possible on both straight sand and compost-aeterabtzones, the use of the latter showed
clear advantages in the form of higher visual qualess pink snow mold, longer irrigation
intervals, and less risk for development of soitewvaiepellency. Further analysis of microbial
composition and testing of compost amendments enfitld are required to assess whether
the presence of fungi with lignin degradation apiwill provide advantages or disadvantages
on golf greens in the long run.

Compared with light and frequent irrigation, deeyl anfrequent irrigation resulted in
better overall impression, lower drainage volumes ianproved root development in the 10-
to 20-cm soil layer in the second year after sowiftys suggests infrequent irrigation to the
field capacity to be a better irrigation strategy welvet bentgrass greens than frequent
irrigation, except for the first year after sowingResearch is needed to explore deficit
irrigation as an alternative irrigation strategywatvet bentgrass golf greens.

The present work showed that velvet bentgrass megjunuch care regarding thatch
control. Thatch formation in velvet bentgrass isyveapid but can be controlled by proper
cultural management starting from the green edtavlent. Due to the limited recuperative
capacity of velvet bentgrass and the low soil tempees during most of the season in
Scandinavia, mechanical and biological treatmemwtscantrol thatch are of secondary
importance compared with appropriate fertilizateord topdressing programs during the first
year after sowing. Apart from the presowing appi@a an optimal nitrogen rate of at least
150 kg N h& can be recommended during the first year aftetirapvMore nitrogen during
the first year provided better turf quality, bett@nter survival, and better competition against
moss. But it is extremely important to reduce titeogen rate as the turf becomes mature.
From the first year after sowing, topdressing stidad maintained at a level of 10-14 mm per

year to keep thatch formation within acceptablesle¥rom the second year after sowing,
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monthly vertical cutting reduced thatch, contrilsute the better sand incorporation into the
dense turf surface, and led to generally betteradivenpression. Monthly spiking improved
infiltration rate by more than 50%, but reducedate hardiness. We conclude that from the
second year after sowing vertical cutting can bpliap monthly, but spiking cannot be
recommended more than once or twice per year. §iodd thatch control products warrant
further investigation as there were indicationg that may improve surface hardness.
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Freezing Tolerance and Carbohydrate Changes
of Two Agrostis Species during Cold Acclimation

Tatsiana Espevig, Michelle DaCosta,* Lindsey Hoftman, Trygve S. Aamlid, Anne Marte Tronsmo,
Bruce B. Clarke, and Bingru Huang

ABSTRACT
Field trials at two locations in Norway previously
demonstrated differences in winter survival
between two Agrostis species used for turf, vel-
vet bentgrass (VB; A. canina L.) and creeping
bentgrass (CB; A. stolonifera L.). The objectives
of this study were to compare freezing tolerance
and crown carbohydrate composition of VB and
CB. We also compared a direct and two indirect
methods of measurements of freezing tolerance.
Treatments consisted of: (i) nonacclimated (NA);
(i) acclimation at 2°C for 2 wk (A2); (iii) acclima-
tion at 2°C for 4 wk (A4); and (iv) acclimation at
2°C for 4 wk plus subzero acclimation at —-2°C
for 2 wk (A4+SZA2). Crowns were harvested for
determination of carbohydrates and freezing
tolerance. Freezing tolerance (lethal tempera-
ture for 50% of the test population [LT,]) was
based on whole plant survival (WPS), 2,3,5-tri-
phenyltetrazolium chloride (TTC) reduction, and
electrolyte leakage (EL). There were no signifi-
cant difference in freezing tolerance between
VB and CB. The LT, based on WPS was signifi-
cantly lower for plants exposed to A2 (-12.7°C),
A4 (-14.5°C), and A4+SZA2 (-14.6°C) compared
to the NA control treatment (-8.4°C). The con-
centrations of fructans and sucrose were sig-
nificantly higher in A2 compared to NA plants
of both species, but only fructans continued to
increase at A4. The LT, based on TTC reduc-
tion showed better correlation with LT, based
on WPS compared to LT, values based on EL.

T. Espevig and T.S. Aamlid, Norwegian Institute for Agricultural and
Environmental Research, Bioforsk Landvik, Grimstad, N-4886, Nor-
way; T. Espevig and A.M. Tronsmo, Dep. of Plant and Environmen-
tal Science, Norwegian Univ. of Life Sciences, As 1432, Norway; M.
DaCosta and L. Hoffman, Dep. of Plant, Soil, and Insect Sciences, Univ.
of Massachusetts, Amherst, MA 01003; B.B. Clarke and B. Huang, Dep.
of Plant Biology and Pathology, Rutgers Univ., New Brunswick, NJ,
08901. *Corresponding author (mdacosta@psis.umass.edu).

Abbreviations: A2, acclimation at 2°C for 2 wk; A4, acclimation at
2°C for 4 wk; A4+SZA2, acclimation at 2°C for 4 wk plus subzero
acclimation at —2°C for 2 wk; CB, creeping bentgrass; DW, dry weight;
EL, electrolyte leakage; LT, , lethal temperature for 50% of the test
population; MDS, total mono- and disaccharides; NA, nonacclimated;
PPFD, photosynthetic photon flux density; PVC, polyvinyl chloride;
SC, total storage carbohydrates; TNC, total nonstructural carbohy-
drates; TTC, 2,3,5-triphenyltetrazolium chloride; VB, velvet bentgrass;
WPS, whole plant survival.

MONG Agrostis species used for turf, velvet bentgrass (VB; A.

canina L.) 1s characterized by an extremely fine-textured and
dense canopy and is reported to exhibit better tolerance to several
biotic and abiotic stresses compared to creeping bentgrass (CB;
Agrostis stolonifera L.) (Brilman, 2003; Chakraborty et al., 2006;
DaCosta and Huang, 2006). Despite these desirable character-
istics, VB has not been as widely utilized as CB, in part due to
the limited information available on optimal management of this
species (Skogley, 1976; Brilman and Meyer, 2000; Koeritz and
Stier, 2009). In cultivar evaluation trials at two locations in Nor-
way from 2003 to 2006, VB exhibited better winter survival and
turf quality characteristics compared to CB (Aamlid et al., 2006;
Molteberg et al., 2008). Because winter injury in field trials may
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be caused by one or more stresses (freezing temperatures,
ice encasement, crown hydration, and/or low temperature
fungal diseases), additional controlled environment stud-
ies are necessary to determine potential causes for differ-
ences in winter survival among VB and CB.

Freezing tolerance has been shown to be an impor-
tant component of winter hardiness of perennial grasses
(Humphreys and Eagles, 1988; Humphreys, 1989; Xiong
and Fei, 2006; Hulke et al., 2008). Freezing tolerance of
plants is significantly enhanced following a period of cold
acclimation or cold hardening, whereby a number of physi-
cal, biochemical, and physiological changes contribute to
enhanced cellular stability at low temperatures (Levitt,
1980; Rajashekar, 2006). Two consecutive phases of cold
acclimation have been suggested in winter cereals and tem-
perate grass species (Tumanov, 1940). The first acclimation
phase occurs at temperatures above freezing (approximately
2 to 5°C) and is characterized by several changes includ-
ing accumulation of antifreeze and cryoprotective proteins,
carbohydrates, and other compatible solutes (Livingston,
1991; Livingston et al., 2009). The second phase of acclima-
tion occurs at temperatures below freezing (approximately
—2 to —=5°C) and is commonly referred to as subzero accli-
mation (Tumanov, 1940). Exposure to subfreezing temper-
atures induces additional cellular modifications, including
turther dehydration of plant cells and an increase in the sta-
bility of plasma membranes, which altogether contribute
to increased stability at freezing temperatures (Steponkus,
1984; Sakai and Larcher, 1987; Herman et al., 2006).

The role of carbohydrates in freezing tolerance of grasses
and cereals has been extensively evaluated (Tumanov,
1940; Levitt, 1980; Livingston 1991, 1996). Soluble sug-
ars, such as sucrose and fructans, are reported to protect
plants from freeze-induced dehydration and reduce ice for-
mation by increasing the intracellular solute concentration
(Steponkus, 1984). Soluble sugars may also delay freezing
by direct inhibition of ice crystal growth in the apoplast
(Olien, 1967; Livingston et al., 2009). Although the impor-
tance of fructans as reserve carbohydrates in cool-season
grasses is widely accepted (Pollock and Cairns, 1991), their
role as cryoprotectants is somewhat controversial (Livings-
ton and Henson, 1998). In addition to aiding in cellular
stability at low temperatures, carbohydrates have also been
reported to play an important role in resistance to snow
molds (Typhula incarnata, T. ishikariensis, Microdochium nivale,
and Coprinus psychromorbidus) in winter wheat (Triticum aes-
tivum L.) (Yoshida et al., 1998) and annual bluegrass (Poa
annua L.) (Bertrand et al., 2009).

Compared with the number of investigations in win-
ter cereals (Olien and Clark, 1993; Livingston and Henson,
1998; Gusta et al., 1996) and forage grasses (Tronsmo et al.,
1993, Hisano et al., 2004), research is limited as to the role
of carbohydrates in freezing tolerance of cool-season turf-
grasses. In addition, it is unclear as to the specific changes that

occur in turfgrasses during the second phase cold acclima-
tion. Dionne et al. (2001) found that carbohydrate concentra-
tions increased during cold acclimation for three ecotypes of
annual bluegrass; however, variations in the individual car-
bohydrate fractions did not account for differences in freez-
ing tolerance among the three ecotypes. Upon inspection of
a larger collection of annual bluegrass ecotypes (total of 42),
however, authors determined a strong correlation between
the accumulation of high molecular weight fructans and
freezing tolerance (Dionne et al., 2010). Hoffman et al.
(2010) also recently reported that freezing tolerance of differ-
ent perennial ryegrass accessions were associated with higher
accumulation of water soluble carbohydrates in crowns dur-
ing cold acclimation at 2°C. Additional research is necessary
to evaluate carbohydrate changes of cool-season turfgrasses
during the first and second phases of cold acclimation and to
determine the role of carbohydrates in relation to inter- and
intraspecific differences in freezing tolerance.

Freezing tolerance tested under controlled conditions
can be evaluated by direct (plant survival) and indirect (e.g.,
electrolyte leakage) methods. Assessment of plant survival
following freeze tests may take several days or weeks, and
therefore indirect methods are typically faster and useful
if sufficiently correlated with plant survival. Electrolyte
leakage (EL) tests have been used for evaluation of freezing
injury of leaves, roots, and crowns of winter cereals (Chen
et al., 1983) and turfgrasses (Gusta et al., 1980; Rajashekar
et al., 1983). In addition to EL, 2,3,5-triphenyltetrazolium
chloride (TTC) reduction has also been used for detection
of freezing injury of different plant tissues (Steponkus and
Lanphear, 1967; Lindstrom and Mattsson, 1989). In some
cases, however, the use of EL and TTC reduction methods
with grass crowns were not consistently correlated with sur-
vival, possibly due to the heterogeneous structure of crown
tissues (Tanino and McKersie, 1985; Shashikumar and Nus,
1993; Livingston et al., 2005). While many studies have
utilized one of these methods (EL or TTC reduction), their
sensitivities for estimation of LT, relative to LT, deter-
mined by whole plant survival (WPS) after freezing are not
well documented.

Winter injury of some temperate turfgrass species
can be a significant problem in northern climatic regions.
Predicted future increases in temperatures may further
predispose these grasses to winter injury since elevated tem-
peratures during summer and autumn months could pro-
long growing seasons and negatively impact the capacity
of plants to acclimate before low temperatures. Therefore,
it is important to identify turfgrass species and/or cultivars
that will persist under present and future climatic condi-
tions. This will require a better understanding of how
different grasses acclimate to low temperatures and how
these responses can be estimated reliably and efliciently.
Therefore, the objectives of this study were (i) to compare
freezing tolerance of VB and CB at different stages of cold
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acclimation, (ii) to quantify carbohydrates at different stages
of cold acclimation and assess their relationship to changes
in freezing tolerance for VB and CB, and (iii) to compare
assessments of freezing tolerance of Agrostis using a direct
and two indirect methods for estimation of LT .

MATERIALS AND METHODS

Plant Materials

Mature sods (10 cm diam. and 1 cm deep) of VB cv. Greenwich
and CB cv. Penncross were taken from field plots at Rutgers Uni-
versity (North Brunswick, NJ) and transplanted into polyvinyl
chloride (PVC) tubes (10 cm diam. and 25 c¢m height) filled with
straight sand. The bottom of each PVC tube was covered with a
nylon screen to allow for drainage. Plants were maintained in a
growth chamber at 18/12°C (day/night temperatures) with a 16
h photoperiod and photosynthetic photon flux density (PPFD) of
500 pmol m~2 57! for 5 wk. Pots were irrigated daily, hand clipped
three times per week to 3 mm, and fertilized once per week with
100 mL of a complete nutrient solution containing 0.11 g L' N,
0.02 gL' P, 0.10 g L' K. and micronutrients.

Treatments

The experiment consisted of four treatments representing different
phases of cold acclimation: (i) nonacclimated (NA) plants main-
tained at 18/12°C (day/night); (ii) plants acclimated at 2°C for 2 wk
(A2); (i11) plants acclimated at 2°C for 4 wk (A4); and (iv) plants
acclimated at 2°C for 4 wk plus subzero acclimation at=2°C for 2 wk
(A4+SZA2). For acclimation treatments at 2°C, plants were main-
tained in a growth chamber with a 10 h photoperiod and PPFD of
250 umol m~ s7!. Acclimation at —22°C was performed in darkness.

Sampling

Following each of the acclimation treatments, individual
crowns were harvested (stems and roots removed) for carbo-
hydrate analysis and determination of LT, using EL and TTC
reduction techniques. For determination of LT,, based on
WPS, intact plants with leaves and roots were used. Plants sub-
jected to A4+SZA2 were thawed overnight (24 h) at 4°C to
facilitate sampling as described by Dionne et al. (2001).

LT,, Determined from Whole Plant Survival
For each test temperature, one replicate consisted of ten groups
of four to five plants (total of 40-50 plants per replicate). These
10 plant groups were wrapped in a moistened paper towel to
ensure ice nucleation and placed into a freezer bag according to
the methods previously described by Ebdon et al. (2002). Dur-
ing harvest, the bags were temporarily stored at 4°C until all
plant material had been sampled. Freezing tests were conducted
using a programmable freeze chamber (ScienTemp Corp.,
Adrian, MI). The freezer was cooled in a stepwise fashion at a
rate of 2°C h™! to the desired temperature and held at the each
test temperature (4, —6, =9, =12, =15, 18, and —21°C) for 2 h.
Bags were removed from the freezer after each test temperature
and thawed at 4°C for a minimum of 12 h.

After thawing, tillers were replanted into cell trays
filled with a commercial potting medium (Pro-Mix; Griffin

Greenhouse and Nursery Supplies, Tewksbury, MA) and placed
in a greenhouse at approximately 20°C. Recovery was assessed
following a 3 wk regrowth period and percent WPS was cal-
culated as WPS (%) = (no. plants survived/total no. plants) X
100. The LT, was determined mathematically by curve fitting
percent survival to temperature using a four-parameter sigmoid
model in Sigma Plot (SPSS, 1997) as previously described by
Ebdon et al. (2002).

Carbohydrate Determination

Crowns were dried in an oven at 70°C for determination of total
mono- and disaccharides (MDS) (glucose, fructose, and sucrose)
and total storage carbohydrates (SC) (starch and fructans). Car-
bohydrate extraction was performed according to the procedure
described by Fu and Dernoeden (2009) with modifications.
Briefly, 50 mg of dried and ground crown tissues were extracted
in a 2.0 mL microtube containing 1 mL of 92% ethanol and
placed in a water bath at 80°C. Microtubes were then shaken and
centrifuged at 14,000 rpm for 10 min, and the supernatant was
transferred to a 10-mL test tube. The extraction was repeated
a total of three times and the pooled supernatant diluted to 10
mL using distilled water. After extraction, the microtubes were
placed in an oven at 70°C to evaporate any residual ethanol. The
residue was saved for starch and fructan analysis.

For analysis of reducing sugars (glucose and fructose), a
0.2-mL aliquot of solution was transferred into a volumetric test
tube with 0.8 mL of distilled water and 1.25 mL ferricyanide
reagent as described by Ting (1956). The solution was placed
in a water bath at 100°C for 10 min and then cooled to room
temperature. A 2.5-mL aliquot of 1 M H,SO, was added, tubes
were vigorously shaken, and 1.0 mL arsenomolybdate solution
was added when gas evolution ceased. Test tubes were vortexed
and diluted to 10 mL with distilled water. The absorbance of
the solution was measured at 515 nm using a spectrophotometer
(GENESYS 2; Spectronic Instruments Inc., Thermo Electron
Corp., Waltham, MA). The carbohydrate content in the solu-
tion was calculated based on reference to a glucose standard
curve and expressed as grams per kilogram dry weight.

For sucrose hydrolysis, a 2-mL sample of supernatant (con-
taining sucrose and reducing sugars) was mixed with 2 mL of 4%
H,SO,, vortexed, and then placed in a water bath at 100°C for 15
min. The solution was cooled and neutralized with 1.0 mL of 1 M
NaOH. One milliliter of the hydrolyzed solution was transterred
to volumetric test tube and 1.25 mL of ferricyanide reagent was
added. This extract was used for quantification of reducing sugars
as described above, and the content of sucrose was calculated as the
difference between MDS and reducing sugars.

For starch and fructan analyses, 0.5 mL distilled water was
added to each microtube containing the recovered residue. For
quantification of starch, microtubes were sealed and placed in
a water bath at 100°C for 10 min and then cooled to room
temperature. To each microtube, 0.4 mL of 200 mM acetate
buffer (pH 5.1) and 0.1 mL of enzyme solution were added for
final enzyme concentrations of 0.2 units of amyloglucosidase
(Sigma A1602; Sigma Chemicals, St. Louis, MO) and 40 units
of a-amylase (Sigma A2643; Sigma Chemicals) per microtube.
Tubes were then capped, vortexed, and incubated at 55°C for
16 to 24 h. At the end of the incubation period, microtubes
were centrifuged at 14,000 rpm for 10 min, and the extract was
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diluted 10 times using distilled water (1:10, v/v). This extract
was used for quantification of reducing sugars as described
above, and represented starch content.

For fructan quantification, 0.9 mL extract was added to
a 2.0 mL microtube with 0.1 mL of 0.5 M H,SO, and placed
in a water bath at 100°C for 15 min. Microtubes were then
cooled to room temperature and neutralized with 0.1 mL of 1
M NaOH. This extract was used for quantification of reducing
sugars as described above, and represented total storage carbo-
hydrate content. The content of fructans was calculated as the
difference between total storage carbohydrates and starch.

LT., Determined from
2,3,5-Triphenyltetrazolium Chloride Reduction

Crown viability was estimated from measurements of dehydro-
genase activity using the TTC reduction technique originally
described by Knievel (1973) with modifications. Crowns (3
replicates of 10 crowns for each species X acclimation combina-
tion, except A2 due to lack of plant material) were sampled and
subjected to freezing temperatures as described above. Follow-
ing each of the test temperatures bags were removed from the
freezer and placed at 4°C for 18 to 24 h. Crowns were trans-
ferred into test tubes (10 crowns per tube) with 6.25 mL 0.6%
TTC solution in 0.05 M phosphate bufter (pH 7). Test tubes
were placed at 37°C in a water bath and incubated in the dark
for 24 h. Crowns were rinsed with distilled water, blotted dry,
and then transferred into test tubes with 5 mL of 95% ethanol.
Test tubes were incubated at 60°C in a water bath for 4 h. Fol-
lowing incubation, tubes were vortexed, and the absorbance
of the solution was read at 490 nm using a spectrophotome-
ter (Genesys 2; Spectronic Instruments Inc., Rochester, NY).
Crowns were removed from solution and blotted dry and then
placed in an oven at 70°C for 72 h. Total crown dry weight was
determined individually from each tube and used for calculat-
ing TTC reduction per unit dry weight. Lastly, percent crown
viability for each temperature treatment was expressed relative
to TTC reduction for nonfrozen control plants (4°C). The LT,
based on TTC reduction was then determined using the same
curve-fitting model as described for WPS.

LT,, Determined from Electrolyte Leakage

Conductivity of cell sap leaked from cells injured by low tem-
perature was determined by methods described by Marcum
(1998) with modifications. For measurement of EL, 10 crowns
from each pot were wrapped in moistened paper towels and
placed into freezer bags as described above. Following each of
the freezing temperatures, bags (3 replicates for each species X
acclimation combination, except A2 due to lack of plant mate-
rial) were removed from the freezer and placed at 4°C to thaw
for approximately 3 h to avoid electrolyte losses into the sur-
rounding paper towel. Crowns were transferred into 50 mL
test tubes (10 crowns per tube) with 20 mL distilled water and
placed on a shaker for approximately 6 h at room temperature.
The initial electrical conductivity of the solution (EC) was
measured using a conductivity meter (Orion 3-Star; Thermo-
Electron Corp., Waltham, MA). Next, crowns were autoclaved
at 132°C for 20 min and placed on the shaker for approximately
16 to 20 h. The maximal electrical conductivity (EC ) of the

solution was measured, and percent EL was determined as: EL
(%) = (EC/EC,) X 100. The LT,
using the same curve-fitting technique as described for WPS.

based on EL was determined

Experimental Design and Statistical Analyses
The experiment was conducted as completely randomized design
with four replications for WPS and carbohydrate analysis and
three replications for EL and TTC reduction. Statistical analyses
were performed using the software packages STATISTICA (Ver-
sion 6.0; StatSoft, 2001) (Hill and Lewicki, 2007) and Statistical
Analysis System v. 9.1 (SAS Institute, 1990). Two species, three
(LT, determined by EL and TTC reduction) or four (carbohy-
drates and LT, | determined by WPS) acclimation treatments, and
their interaction were tested as fixed effects against the pooled
interaction with pot (replication) number, which was considered
the only random variable in the experiment. For a comparison
of LT, values estimated by WPS, TTC reduction, EL, and their
interactions with species and acclimation treatments, the results
were also analyzed in a three-factorial ANOVA and by simple
correlation analyses. Significant differences among treatments
were identified by LSD test at the 5% probability level. Although
the main effect of species and the interactions between species
and other experimental factors were usually not significant,
results will be presented separately for VB and CB. This is due
to the fact that LT, estimates for VB have not, to the best of our
knowledge, been previously reported.

RESULTS

Freezing Tolerance of Velvet Bentgrass

and Creeping Bentgrass

The LT, of VB and CB (as determined by WPS after 3
wk of recovery in the greenhouse) showed that the baseline
freezing tolerance of NA plants was not significantly differ-
ent for both species (—8.6 and —8.4°C, respectively) (Fig. 1).
All cold acclimation treatments resulted in improved freez-
ing tolerance (lower LT, ) compared to NA. Acclimation
of plants for 4 wk at 2°C (A4) reduced the LT, to approxi-
mately —14.5°C for both species; however, subzero acclima-
tion did not provide additional freezing tolerance compared
to A4. Overall, there were no significant differences in LT,
between VB and CB at any of the acclimation treatments.

Carbohydrate Changes
The major total nonstructural carbohydrates (TNC) in
crown tissues of the two bentgrass species were fructans,
followed by sucrose (Fig. 2). When averaged across accli-
mation treatments, fructans accounted for approximately
53 and 66% of TNC and sucrose accounted for 26 and 17%
of TNC in crowns of VB and CB, respectively (Table 1).
In general, VB exhibited 15% higher MDS content com-
pared to CB (averaged across all treatments). In contrast,
CB exhibited 55% higher SC content compared to VB.
Exposing plants to A2 resulted in significant increases
in fructans and sucrose for both VB and CB compared to
NA plants, whereas no significant trends were detected for
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Figure 1. Effects of cold acclimation treatments on freezing tolerance of velvet bentgrass and creeping bentgrass reported as lethal
temperature for 50% of the test population (LT,,) based on whole plant survival. Treatments consisted of nonacclimated (NA) plants,
acclimation at 2°C for 2 wk (A2), acclimation at 2°C for 4 wk (A4), and acclimation at 2°C for 4 wk following by subzero acclimation at —2°C
for 2 wk (A4+SZA2). Bars followed by the same letter indicate no significant differences in LT, across species and treatments based on

Fisher’s protected LSD test (o = 0.05).

reducing sugars and starch (Fig. 2). Although there were no
significant differences in sucrose content between VB and
CB following A2, CB did exhibit significantly higher accu-
mulation of fructans (approximately 89 g kg™! dry weight
[DW]) compared to VB (approximately 52 g kg' DW).
Prolonged acclimation at 2°C for 4 wk (A4) resulted in fur-
ther increases in fructan content for both species, whereas an
increase in sucrose content during A4 was only significant for
VB. There were no significant differences in reducing sugar
or starch content between the two species following A4.

Compared to A4, there was no further increase in sucrose
content detected for either species after exposing plants to
subzero temperatures (A4+SZA2. In addition, both species
exhibited similar sucrose concentrations (approximately 29 g
kg™ DW). In contrast, the fructan content in crowns of CB
decreased in response to A4+SZA2 (approximately 92 g kg™
DW) compared to that observed at A4 (approximately 108 g
kg™ DW). A similar trend was observed for VB, although the
decrease in fructans was not statistically significant. Although
there were little changes in reducing sugars and starch con-
tents in response to A2 and A4, there was an increase in these
carbohydrate fractions for both VB and CB when plants
were exposed to A4+SZA2.

LT,, Determined from
2,3,5-Triphenyltetrazolium Chloride
Reduction and Electrolyte Leakage

On average for VB and CB, LT, for the A4 and A4+SZA2
treatments estimated by TTC reduction were 4.5C and
4.4°C lower than for the NA treatment (Table 2). Differ-
ences in LT, between the two acclimation treatments A4
and A4+SZA2 and between species were not significant.
A high correlation (r = 0.97 and p < 0.05) existed between
LT,, determined by WPS and by TTC reduction, but on

average for both species the LT,, determined by TTC
reduction was 1.1, 2.7, and 2.9°C higher than LT, deter-
mined by WPS for plants acclimated at NA, A4, and
A4+SZ A2, respectively.

Determination of LT, from EL indicated that there
was no significant difference between the A4+SZA2 and
NA acclimation treatments (Table 2). The highest freez-
ing tolerance was found for plants acclimated at 2°C only

(A4). On average for both species, the LT, for A4 and
A4+SZA2 determined by EL were 4.6 and 7.0°C higher
than the corresponding values determined by WPS. The
correlation between LT, determined by WPS and LT,
determined by EL was not significant (r = 0.34).

The three-factorial ANOVA for comparison of LT,
values determined by WPS, TTC reduction, and EL
and their interactions with species and acclimation treat-
ments showed a significant interaction between method
for LT,, determination and acclimation treatment. This
can be explained by the fact that EL estimated a signifi-
cantly higher LT, for plants exposed to A4+SZA2 than
for plants exposed to A4 only. In contrast, LT, after A4
and A4+SZA2 exposure were on the same level when

determined by WPS and TTC reduction.

DISCUSSION

Freezing Tolerance of Velvet Bentgrass

and Creeping Bentgrass at Different Stages
of Cold Acclimation

Cool-season grasses have the ability to acclimate to cold
temperatures and survive freezing. Gusta et al. (1980) pre-
viously reported that LT, of CB plants acclimated under

field conditions were able to survive to temperatures as
low as =35°C. Estimates of LT, for VB have not been
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Figure 2. Effects of cold acclimation treatments on concentrations of total mono- and disaccharides (MDS), sucrose, reducing sugars
(glucose + fructose), total storage carbohydrates (SC) (fructans and starch), fructans, and starch in crowns of velvet bentgrass and
creeping bentgrass. Treatments consisted of nonacclimated (NA) plants, acclimation at 2°C for 2 wk (A2) or 4 wk (A4), and acclimation
at 4 wk at 2°C following by 2 wk at —2°C (A4+SZA2). Bars followed by the same letter indicate no significant difference in carbohydrate
content across species and treatments based on Fisher’s protected LSD test (a = 0.05).

reported, but it has been shown that various cultivars of
VB (Avalon, Greenwich, Legendary, and Villa) accli-
mated at 2°C in a controlled environment had similar
freezing tolerance as CB cv. Penn A-4 (Tronsmo et al.,
2008). In the present study, there were also no significant
differences freezing tolerance detected between VB cv.
Greenwich and CB cv. Penncross, regardless of acclima-
tion treatment. Taken together, these studies suggest that
previously observed variability in winter survival between
VB and CB under field conditions (Molteberg et al., 2008)
is not necessarily due to differences in the initial rate
and/or capacity to acclimate to low temperatures. Addi-
tional studies are required to identify underlying factors

affecting winter survival among these bentgrass species,
including difterences in overwintering physiology and
deacclimation potential. Species variation in freezing tol-
erance may also vary with the cultivars used for compari-
son, and therefore additional cultivars should be compared
to make further conclusions on Agrostis species differences
in freezing tolerance. Acclimation conditions (controlled
vs. natural conditions) could also be included as a factor
that could affect the cold acclimation response.

Difterent periods of optimal duration of the first and
second phase of cold acclimation in winter cereals and cool-
season grasses have been reported (Olien, 1967; Andrews
and Pomeroy, 1975; Dionne et al., 2001). In our study,
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prolonged duration of the first acclimation phase from 2 to
4 wk significantly improved freezing tolerance (Table 2).
In contrast, exposure of plants to subfreezing temperature
did not improve freezing tolerance of bentgrasses in our
study, which differs from results in earlier studies with win-
ter cereals (Tumanov, 1940; Livingston, 1996) and annual
bluegrass (Dionne et al., 2001). The observed differences in
plant response to subzero temperatures may be due either
to differences in the duration of the first acclimation phase
(Vagytalvi et al., 1999) or to a short deacclimation under
crown sampling before freezing tests.

Changes in Carbohydrates
When averaged over acclimation treatments, fructans
accounted for the majority of TNC in crowns of both VB
(53%) and CB (66%), followed by sucrose content (26 and
17% of TNC for VB and CB, respectively). Compared to
NA plants, significant increases in both fructans and sucrose
were detected in response to cold acclimation treatments. In
addition, significant increases in both fructans and sucrose
were detected in response to cold acclimation treatments.
This 1s in broad agreement with studies in other cool-season
grasses and cereals (Livingston, 1991; Olien and Clark, 1993;
Tronsmo et al., 1993; Dionne et al., 2001). There were some
species differences in the accumulation of different TNC
fractions. Specifically, CB exhibited significantly higher
crown fructan content, regardless of acclimation treatment.
It is also worth noting that VB maintained a higher ratio
of MDS to SC compared to CB. While these differences
had no significant impact on LT, in our study (both species
exhibited similar freezing tolerance), the balance of MDS
and SC may be important for the overwintering ability and
recuperative capacity of these species in the spring (Molte-
berg et al., 2008), which warrants further investigation.
Changes in different TNC fractions during the first
and second phases of cold acclimation and their impact on
freezing tolerance have been discussed by Levitt (1980) and
Rajashekar (2006). In our study, the increases in fructans and
sucrose in response to different acclimation treatments were
accompanied by increases in freezing tolerance for both spe-
cies, suggesting a central role for these carbohydrates in cel-
lular stability. A potential role of fructans as inhibitors of ice
crystal formation was described by Olien (1967), but their
role as cryoprotectants has been controversial since they may
be hydrolyzed during the second acclimation phase (Olien
and Clark, 1993; Livingston, 1996). More recently, studies
have shown that fructans can directly interact with cell mem-
branes and improve membrane stability during dehydration-
related stresses (Hincha et al., 2002; Valluru and Van den
Ende, 2008), and a role for fructans in oxidative stress defense
has also been proposed (Parvanova et al., 2004). In addition,
sucrose has been identified as an important cryoprotectant
that prevents desiccation and inhibits liposome fusion dur-
ing freezing (Steponkus, 1984; Anchordoguy et al., 1987).

Table 1. Comparison of carbohydrate concentrations for vel-
vet bentgrass and creeping bentgrass averaged over accli-
mation treatments.

Reducing
Species MDS'T Sucrose sugars SC* Fructans Starch
g kg™ dry wt.
Velvet 36.3a% 241a 12.2a 579b 501 b 7.8 a
Creeping 31.5b 20.2b 11.3a 899a 801a 9.8 a

tMDS, total mono- and disaccharides (glucose, fructose, and sucrose).
#SC, total storage carbohydrates (fructans and starch).

SMeans within columns followed by the same letter indicate no significant difference
based on Fisher’s protected LSD test (o = 0.05).

Table 2. Mean lethal temperature for 50% of the test pop-
ulation (LT,,) averaged for velvet bentgrass and creeping
bentgrass as determined by whole plant survival (WPS),
2,3,5-triphenyltetrazolium chloride (TTC) reduction, and
electrolyte leakage (EL) from crowns. Treatments consisted
of nonacclimated (NA) plants, acclimation at 2°C for 2 wk
(A2), acclimation at 2°C for 4 wk (A4), and acclimation at 2°C
for 4 wk following by subzero acclimation at -2°C for 2 wk
(A4+SZA2).

Acclimation treatment?t

WPS TTC reduction EL

°C
NA -8.4cf -7.3b -79b
A2 —12.7b - -
A4 -14.5a -11.8a -99a
A4+SZA2 -14.6a -11.7a -76b

TMeans within columns followed by the same letter indicate no significant difference
based on Fisher’s protected LSD test (a = 0.05).

As with fructans, there is increasing evidence on the role of
sucrose in coordinating plant responses to oxidative stress
(Van den Ende and Valluru, 2009).

A decrease in fructan and concomitant increase in
sucrose, glucose, and fructose during acclimation at subzero
temperature was previously shown for barley (Hordeum vul-
gare L.), oat (Avena sativa L.) (Livingston, 1996), and annual
bluegrass (Dionne et al., 2001). In our study, the decrease
in fructans after A4+SZA2 occurred in both bentgrass spe-
cies, but there was no increase in sucrose content detected.
Compared to A4, the concentrations of reducing sugars and
starch were enhanced by exposure to A4+SZA2; however,
these changes did not influence LT for either species.

LT,, determined from
2,3,5-Triphenyltetrazolium Chloride
Reduction and Electrolyte Leakage

Living plant cells have the capacity to reduce TTC to
formazan by the dehydrogenase enzyme system. There-
fore, staining by TTC followed by extraction of formazan
by ethanol is an easy and widespread method to estimate
injury of plant tissues (Knievel, 1973; Rachmilevitch et
al., 2006). The TTC method has been used for estimation
of cold injury of leaves and stems of Hedera helix L. (Eng-
lish 1vy) (Steponkus and Lanphear, 1967), roots of Nor-
way spruce [Picea abies (L.) H. Karst.] seedlings (Lindstrom
and Mattsson, 1989), and cultured cells from alpine Blue
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mustard (Choripora bungeana Fisch. & C.A. Mey) (Guo et
al., 2006). There are also some studies on use of TTC
reduction for evaluation of freezing injury within crowns
of perennial grasses or cereals (Tanino and McKersie,
1985; Shashikumar and Nus, 1993). While crown sur-
vival is crucial for the survival of the grass plant, difficul-
ties with the use of TTC reduction on crowns have been
related to the heterogeneity of crown tissue. For example,
the apical meristem (upper region) and vascular transition
zone (lower region) have been shown to respond differ-
ently to freezing in winter wheat (Tanino and McKersie,
1985). Plant recovery after freezing depended on survival
of both regions but was more limited by the viability of
the vascular transition zone in acclimated plants and by
the apical meristem in unacclimated plants.

Results from our study indicated that TTC reduc-
tion slightly underestimated freezing tolerance, as shown
by the higher LT, determined by this method than by
WPS (Table 2). This might reflect that the meristematic
crown region was small compared to surrounding tissues
and that much of the tissue that was injured by frost was
probably nonmeristematic and thus not responsible for
recovery. Consequently, it is possible that the underesti-
mation of survival could reduce the sensitivity of detect-
ing genotypic differences when the range of LT, values
is small. Nonetheless, the correlation between LT, values
estimated by TTC reduction and those estimated by WPS
was very high (r = 0.97 and p < 0.05), which suggests that
the TTC technique is sensitive enough to detect treat-
ment and/or genotype differences over a larger range of
LT, values. This method should be further explored as a
rapid method for screening freezing tolerance of grasses.

Determination of EL from plant tissues after freezing
has been used as a test for hardiness in cool-season turf-
grasses due to its correlation with whole plant survival
(Gusta et al., 1980, Rajashekhar et al., 1983). However,
some investigators reported that EL overestimated freezing
tolerance (Chen et al., 1983, Maier et al., 1994), while oth-
ers reported that EL underestimated actual freezing survival
(Ebdon et al., 2002). In our study the LT, values deter-
mined by EL underestimated freezing survival and were
not significantly correlated with those determined by WPS
(r = 0.34). In addition, plants exposed to A4+SZA2 exhib-
ited higher EL compared to A4 plants (suggesting lower
freezing tolerance). Palta et al. (1977) reported that EL from
onion (Allium cepa L.) cells frozen to —4 and —11°C were
significantly higher immediately after thawing compared
to EL from the nonfrozen control, even though all frozen
cells were later found to be alive and not injured by freez-
ing. Later Palta and Li (1980) suggested that enhanced EL
from frozen cells could be due to membrane rupture during
freezing injury or to loss of membrane semipermeability.
Therefore, a possible explanation for the higher ion leakage
from A4+SZA2 plants could be that subzero acclimation

or the subsequent thawing and handling of crowns during
harvest may have caused some membrane injury without
impacting plant regrowth capacity.

CONCLUSIONS

This investigation demonstrated that VB and CB did not
vary in freezing tolerance (LT, ) in response to different
stages of cold acclimation. Acclimation at temperatures
above 0°C was accompanied by an accumulation of TNC,
particularly fructans and sucrose, and was associated with
enhanced plant freezing tolerance. Acclimation at 2°C for 4
wk was more effective than for 2 wk and resulted in higher
concentrations of fructans. Additional subzero acclimation
at —2°C resulted in a reduction in fructans and higher con-
centration of reducing sugars; however, there was no addi-
tional improvement in freezing tolerance. Crown viability
determined by reduction of TTC showed close correlation
with LT, values based on whole plant survival, while EL of
crowns produced less consistent results.
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ABSTRACT

Field trials at two locations in Norway previouslgmonstrated superior winter survival of
velvet bentgrassAgrostis canina L.). The objectives of this study were to detemnprotein
changes in crowns of velvet bentgrass during ttst #ind second stages of cold acclimation
and to define their potential role in freezing talece of this species. Treatments consisted of:
(i) nonacclimated (NA) plants maintained at 18/1Zt@y/night); (ii) plants acclimated at a
constant 2°C for 4 wk with a 10 h photoperiod (Ad)d (iii) plants acclimated at a constant
2°C for 4 wk with an additional sub-zero acclimat@t a constant -2°C for 2 wk in darkness
(A4+SZA2). Acclimation of plants for 4 wk at 2°@Q\4) significantly increased freezing
tolerance, but additional SZA had no further effddineteen protein spots differentially
expressed by acclimation were chosen for identibobaand 13 of them were identified.
Among proteins up-regulated after A4 were methieninsynthase, serine
hydromethyltrasferase, aconitase, UpBlicoronate decardoxylase, and putative glycine
rich protein. Rubisco large and small subunit, ghatdehyde-3-phosphate dehydrogenase,
and putative peroxidase were down-regulated. [Effees in protein composition were more
pronounced between NA and A4 than between A4 aneSXA.

Abbreviations: L, lethal temperature for 50% of the test populatBnA, sub-zero acclimation.
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INTRODUCTION

Among turfgrass species, velvet bentgradgr@stis canina L.) is characterized by an
extremely fine-textured and dense canopy, andrépsrted to have lower water and pesticide
requirements and good tolerance to several biatid abiotic stresses (Brilman, 2003;
Chakraborty et al., 2006; DaCosta and Huang, 20@phy et al., 2009). The use of velvet
bentgrass on golf courses in Europe and North Ataas, nonetheless, limited due to scarce
information on its optimal maintenance requiremef8&ogley, 1976; Koeritz and Stier,
2009). The use of the species in boreal and tertgpeggions also requires knowledge on its
winter survival, but only few data are currentlyadable regarding winter hardiness of velvet
bentgrass. In cultivar evaluation trials at twodtians in Norway from 2003 to 2006, velvet
bentgrass exhibited better winter survival and quility characteristics compared with other
turfgrass species (Aamlid et al., 2006). This sstgythe potential use of this species as a low
input alternative for northern climates.

Winter injury in field environments may be causgdone or multiple stresses, some of
which include direct low temperature kill, ice esement, hypoxia, crown hydration, and/or
low temperature fungal diseases (Humphreys, 198&r&hd et al., 2009; Castonguay et al.,
2009). Although specific resistance strategiesfoh of these stresses may differ, it has been
demonstrated that freezing tolerance is a majorpoor@nt of winter hardiness of perennial
grasses (Humphreys and Eagles, 1988; Xiong and2B66). The development of freezing
tolerance is dependent on a period of cold accionatvith two consecutive stages of cold
acclimation suggested in winter cereals and tenpageass species (Tumanov, 1940). The
first acclimation stage occurs at temperatures elfeezing (approximately 2 to %) and
contributes to accumulation of cryoprotectantstipalarly osmolytes and antifreeze proteins,
reserve carbohydrates, alterations in phosphoéipdi fatty acid composition, which enhance
cellular stability when freezing occurs (Levitt,808 Livingston, 1991; Tronsmo et al., 1993;
Guy, 1999; Thomashow, 1999; Dionne et al., 2000818B; Rajashekar, 2006; Hoffman et
al., 2010). Recently, we demonstrated that accionaat 2°C for 2 and 4 wk enhanced
freezing tolerance of velvet bentgrass and wascésed with 2-fold and 3-fold increase in
sucrose and 4-fold and 5-fold increase in fructamspectively, compared with non-
acclimated plants (Espevig et al., Paper 1).

There are significant changes in protein metabolismesponse to low temperatures,
which include selective up- and down-regulatiorpaitein synthesis as well as modifications

of existing proteins. Transcriptome and proteomalymes have indicated considerable



similarity across species for induction of coldpessive proteins, including late
embryogenesis abundant (LEA) proteins, antifreem#teps (AFP), heat shock proteins
(HSP), and detoxification enzymes (Zhang et alQ®2Qanska et al., 2010). Although the
functions of many cold-responsive proteins are omkm these proteins can generally be
classified as serving cryoprotective or antifre@zections (Guy et al., 1999; Thomashow,
1999; Griffith and Yaish, 2004). For example, amr@ase in freezing tolerance due to
accumulation of dehydrins (LEA D-11 family proteifeas been attributed to their function as
chaperones by protecting proteins from denaturadiuh aggregation as well as stabilization
of membranes, which would be important under caomst of freeze-induce dehydration
stress (Close, 1996). In addition to dehydrins,abeumulation of AFP can improve freezing
tolerance by adhering to the surface of ice crgsald inhibiting their growth through thermal
hysteresis (Duman and Olsen, 1993; Griffith etl97). Antifreeze proteins may also inhibit
ice re-crystallization (Sandve et al., 2008) andtgxt thylakoid membranes against freeze-
thaw damage (Sieg et al., 1996). As a result, ynéhesis and expression of these proteins is
more pronounced in acclimated and freezing tolespaties than in freezing sensitive species
(Perras and Sarham, 1989; Dionne, 2001b; Puhakairedn 2004; Patton et al., 2007).

The second stage of acclimation occurs at tempesatelow freezing (-2 to -5°C). It is
commonly referred to as sub-zero acclimation (SAAJ leads to acquisition of additional
freezing tolerance (Tumanov, 1940; Livingston, 199érman et al., 2006). Exposure to sub-
freezing temperatures is commonly associated widlnged ice formation in the apoplast and
dehydration of plant cells (Steponkus, 1989). Thgh lintracellular concentration of solutes
along with its increase during desiccation will wed initial and further loss of intracellular
water, respectively, and prevent ice formationdascells (Herman et al., 2006). Winter
wheat {riticum aestivum L.) was shown to undergo the second acclimatiagestduring a
shorter period of time compared with the first st§gumanov, 1940). Herman et al. (2006)
demonstrated that morphological changes in crovingirder wheat occurred already after a
few hours of exposure to SZA, while maximal acclima was achieved after 3 days. In
contrast, maximal freezing tolerance in annual lgess Poa annua L.) was acquired after 2
wk of SZA following 2 wk of acclimation at 2°C (Dime et al., 2001a).

Experimental evidence regarding structural, biodbamand metabolic changes during
SZA in winter cereals are restricted to few studlasingstone, 1996; Herman et al., 2006)
and in perennial grasses is limited. Many studiageh been carried out witArabidopsis
thaliana (Jaglo-Ottosen et al., 1998; Le et al., 2008), kihis species is not necessarily

representative for cold-induced responses at thieaular, cellular, or whole-plant level in
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perennial grasses (Livingston et al., 2007). Me@ms underlying different aspects of winter
hardiness in perennial grasses can be revealed) usawvel genomic and proteomics

approaches. Thus, the identification of cold-rated proteins may provide more information
about numerous metabolic processes and their iyctinder cold acclimation. The objectives

of our study were to determine protein changes wtigefirst and the second stages of cold
acclimation and define their potential role in freg tolerance of velvet bentgrass.

MATERIALS AND METHODS

Plant Material and Growing Conditions

Detailed information regarding plant material angheximental procedures were described
previously (Espevig et al., Paper 1). Briefly, mmatgsods of velvet bentgrass cv. Greenwich
were taken from field plots at Rutgers Universityfiofth Brunswick, NJ, USA), and
transplanted into polyvinyl chloride (PVC) tubekefil with sand. Plants were maintained in a
growth chamber at 18/12°C (day/night temperaturesh a 16-h photoperiod and
photosynthetic photon flux density (PPFD) of 5080l mi’s* for 5 wk. Pots were irrigated
daily, hand-clipped 3 times per wk to 3 mm, andilfeed once per wk with 100 mL of a
complete nutrient solution containing 0.11 ¢ hitrogen, 0.02 g t phosphorus, 0.10 gL

potassium and micronutrients.

Treatments

The experiment consisted of three treatments: di)-acclimated (NA) plants maintained at
18/12°C (day/night) with a 10-h photoperiod and BP&f 500 umol m?s™ (ii) plants
acclimated at a constant 2°C for 4 wk with a 10kbtpperiod and PPFD of 250nol m? s
Y(A4); and (iii) plants acclimated at a constant X% 4 wk with an additional sub-zero
acclimation at a constant -2°C for 2 wk in darkn@ss+SZA?2).

Determination of Freezing Tolerance

Following each acclimation treatment, intact plantsh leaves and roots were used for
determination of freezing tolerance based on wiptdat survival. Plants acclimated at -2°C
(A4+SZA2) were thawed overnight (24 h) at 4°C tailftate sampling as described by
Dionne et al. (2001a). For each test temperat@ldnt groups (4-5 plants per group) were
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washed for each of 4 replicates, wrapped in a et paper towel to ensure ice nucleation,
and placed into a freezer bag according to the odstipreviously described by Espevig et al.
(Paper 1). During harvest, the bags were tempgrsidired at 4°C until all plant material had
been sampled. Freezing tests were conducted usimgogrammable freeze chamber
(ScienTemp Corp., Adrian, MI). The freezer was edadh a stepwise fashion at a rate of 2°C
h™ to the desired temperature and held at the eathetmperature (4, -6, -9, -12, -15, -18, and
-21°C) for 2 h. Bags were removed from the freedtar each test temperature and thawed at
4°C for a minimum of 12 h.

After thawing, tillers were re-planted into celays filled with a commercial potting
medium (Pro-Mix, Griffin Greenhouse and Nursery gigs, Tewksbury, MA) and placed in
a greenhouse at approximately 20°C. Recovery wassasd following a 3 wk regrowth
period and percent whole plant survival (WPS) wakwated as: WPS (%) = (no. plants
survived / total no. plants) x 100. The lethal temgure for 50 % of the test population 5T
was determined mathematically by curve fitting petcsurvival to temperature using a four-
parameter sigmoid model (Sigma Plot, SPSS, Chiday@s previously described by Ebdon
et al. (2002).

Proteomic analysis

Following each acclimation treatments, approxinyateb g (fresh weight) of crown tissues
(stems and roots were removed) were harvestedafdr ef 3 replicates, immediately frozen
in liquid nitrogen, and stored at -80°C for protaimalysis.

Protein extractiorwas performed according to the trichloracetic gdi@A)/acetone
method described by Xu et al. (2008). Briefly, crmwvere homogenized with liquid nitrogen
and incubated with 10 mL of precipitation solutid®% TCA and 0.07% 2-mercaptoethanol
in acetone) overnight at -20°C. After centrifugatiat 10,000 rpm for 15 min at 4°C, the
pellets were rinsed twice with ice-cold 0.07% 2-ca@toethanol in acetone to remove
pigments and lipids, then vacuum-dried, resuspeindeehydration solution (8 M urea, 2 M
thiurea, 2% CHAPS, 1% dithiothreitol (DTT), and J#armalyte), and sonicated to provide
transition of proteins from the pellet to the smnt After centrifugation at 10,000 rpm for 15
min at 4°C, the supernatants were removed, anceipra@oncentrations were determined
according to Bradford (1976) using a commercial dgagent (Bio-Rad Laboratories,

Hercules, CA) with bovine serum albumen as a stahda



First-dimension (isoelectric focusing, IEF) and @®t-dimension (sodium dodecyl
sulphate-polyacrilamide gel electrophoresis, SDSER separation of proteins was
performed according to a procedure described byetXal. (2008). Briefly, immobilized pH
gradient (IPG) strips (pH 3.0-10.0, linear gradieh8 cm) were filled with 250uL
rehydration buffer (8 M urea, 2 M thiourea, 2 % COPB\ 1% DTT, 1% pharmalyte, and
0.002% bromophenol blue) containing 2Q@ of proteins, and rehydrated at room
temperature in IPGPhor apparatus (GE HealthcarscaRiway, NJ) at 50 V for 12 h.
Following IEF for a total 94.5 kVh, IPG strips wedenatured with 10 mL of equilibration
buffer (50 mM tris-HCI pH 8.8, 6 M urea, 30% glyokr2% sodium dodecyl sulphate, and
0.002% bromophenol blue) containing 1% DTT for 2id.nThen the strips were incubated
twice with 10 mL of the same buffer containing 2.%doacetamide for 15 min. The second-
dimension electrophoresis was performed on 12.5%-B8&lyacrylamide gel using a Hoefer
SE 600 Ruby electrophoresis unit (GE Healthcarsgcd®away, NJ). The gels were stained
with coomassie brilliant blue-250 (Newsholme et @D00) and scanned using a Personal
Densitometer (GE Healthcare, Piscataway, NJ). Imagalysis was performed using
Progenesis SameSpots software (Nonlinear Dynaligfiam, NC) including ANOVA.

Protein digestion and identification were perforneddescribed previously (Xu and
Huang, 2008). The gel spots were excised and wlashth 30% acetonitrile in 50 mM
ammonium bicarbonate prior to DTT reduction andomzktamide alkylation. Trypsin was
used for digestion at 37 °C overnight. The resglpeptides were extracted with @0of 1%
trifluoracetic acid followed by ¢ Ziptip desalting. For the MS analysis, the peggidvere
mixed with 7 mg m[* a-cyano-4-hydroxy-cinnamic acid matrix in a 1:1 oatéind spotted
onto a matrix assisted laser desorption/ionizatfiALDI) plate. The peptides were
analyzed on a 4800 MALDI TOF/TOF analyzer (AppliBtbsystem, Framingham, MA).
Mass spectranf/z 880-3,200) were acquired in positive ion reflectmde. Twenty-five most
intense ions were selected for subsequent MS/M&eswing analysis in 1 kV mode. Protein
identification was performed by searching the coraldiMS and MS/MS spectra against the
green plant NCBI database using a local MASCOTcseangine (V.1.9) on a GPS (V. 3.5,
ABI) server. A protein containing at least two qune peptides with Confidence Interval (C.
I.) values no less than 95% was considered bekegfifted.



Experimental Design and Statistical Analyses

The experiment was conducted as completely randmimilesign with four replications for
LTso based on whole plant survival and three replicatifom protein analysis. The ANOVA
for LTsowas performed using the software packages STATI&T(NErsion 6.0, 2001) (Hill
and Lewicki, 2007). Significant differences amomgatments were identified by Fisher’s
least significant difference (LSD) test at the PpPobability level.

RESULTS

Freezing Tolerance of velvet bentgrass

Changes in freezing tolerance @g)rof velvet bentgrass determined by whole planvisat

is shown in Table 1. Acclimation of plants for 4 &wk?2 °C (A4) resulted in higher freezing
tolerance (LEo of -14.5 °C) compared to NA plants (§gTof -8.6°C). Additional acclimation
at sub-zero temperature (SZA) did not result inagwled freezing tolerance since thesd. T

after A4 and A4+SZA were not significantly diffeten

Table 1. Effect of acclimation on freezing tolerane of velvet bentgrass
expressed as mean lethal temperatures for 50% ofgiepopulation (LTsg).

Abbreviations for treatments: NA, non-acclimated phnts; A4, acclimation

at 2°C for 4 wk; and A4+SZA2, acclimation at 2°C fo 4 wk followed by

sub-zero acclimation at -2°C for 2 wk.

Acclimation

treatment LTs0
°C

NA -8.6 bt

A4 -14.8 a

A4+SZA -14.7 a

p <0.001

§ The same letter indicates no significant diffeeebased
on Fisher’s protected LSD test.

Proteomic responses to cold acclimation

Among 375 separated protein spots, approximatelyp®ss exhibited response to at least one
acclimation treatment. Nineteen protein spots ckfiéially expressed by acclimation were

chosen for identification and 13 of them were idfesd (Fig. 1). The identified proteins were



divided into the functional categories described Bgvan et al. (1998) (Table 2). The
expression of the six non-indentified proteinshewn in Figure 2.

The proteins belonging to the category ‘metabolismie methionine synthase (spots 1-
3) and serine hydroxymethyltransferase (spot 4)eyTkvere up-regulated by A4 and
A4+SZA, but differences between the two acclimati@atments were non-significant.
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Figure 1. Coomassie stained 2D-PAGE gel of sepaeat proteins from crowns of velvet bentgrass
acclimated at 2°C for 4 wk following by sub-zero adimation at -2°C for 2 wk. The numbered spots were
affected by acclimation treatments. Germin (G) wa&dentified but was not regulated by acclimation.

Some proteins from the category ‘energy’ showededht responses to acclimation
treatments. Aconitase (spot 5) was up-regulatedsitoilar level by A4 and A4+SZA
acclimation. Ribulose-1,5-bisphosphate carboxytagglenase (Rubisco) large and small
subunits (spots 6 and 7, respectively) and glydetaldes-3-phosphate dehydrogenase (spots
8 and 9) were down-regulated to similar level by &ad A4+SZA acclimation. Fructose-
bisphosphate aldolase (spot 10) was down regulatéd under the A4+SZA treatment. A
putative glycine-rich protein belonging to the cptey ‘disease/defense’ was up-regulated by
A4, but its production after SZA returned to thensalevel as in non-acclimated plants. The
initially high level of a putative peroxidase inmacclimated crowns was reduced after A4

and A4+SZA to a similar level.



Table 2. Cold-regulated proteins from crowns of velet bentgrass divided into functional groups accorithg
to Bevan et al. (1998). Abbreviations for treatmers: NA, non-acclimated plants; A4, acclimation at 2C
for 4 wk; and A4+SZA2, acclimation at 2°C for 4 wkfollowed by sub-zero acclimation at -2°C for 2 wk.
The same letter indicates no significant differencbased on Fisher’s protected LSD test.

Theo- Theo- Average normalised
. Total tical . .
Spot ) . : Protein o TTEERL L etical volumes
Protein name [species] Accession nr. Ion  protein .
nr. Score Score MW protein
; ’ pl NA A4 A4+SEA
kDA

Functional category 01: Metabolism

1 Methionine synthase 2i[8134570 304 274 848 6.1
[Hordewm vulgare ]

2 Methionine synthase g1/8134570 340 303 848 6.1
[Hordewm vulgare ]

3 Methionine synthase gi1|50897038 1.13 989 845 5.68
[Hordewm vulgare ]

4 Serine hydroxymethyltransferase  g1/11762130 235 203 518 7.12
[Arabidopsis thaliana ]
Functional category 02: Energy
5 Aconitase [Lycopersicon pennellii] g1|29027432 254 225 98.1 6.07 15000 "
b a
lm W

6  Ribulose-1.5-bisphosphate g1/41056380 799 632 518 6.13 50000
carboxylase/oxygenase (Rubisco)
large subumt [dgrostis capillaris ]

7  Rubisco small subumit @1|6573202 610 486 188 8.6
[Avena clanda ]

8  Glyceraldehyde-3-phosphate 21|120680 316 242 365 6.67
dehydrogenase, cytosolic
[Oryza sativa subsp. indica ]

9  Glyceraldehyde-3-phosphate g1|120668 309 257 332 6.2
dehydrogenase. cyvtosolic
[Oryza sativa subsp. indica ]

10 Fructose-bisphosphate aldolase. 21218157 555 457 387 6.56
cytosolic
[Oryza sativa subsp. japonica ]
Functional category 11: Disease / defence
11 Putative glycine-rich protein gi|40363759 90 82 19.2 5.63 3500 g
[Triticim aestiviom ] b I °
0
: b

12 Putative peroxidase gi|115436084 124 116 379 6.46 25000 _‘

[Oryza sativa subsp. japonica ] b
1 mm

Functional category 20: Secondary methabolism

13  UDP-D-glucuronate decarboxylase gzi|50659026 411 344 380 71 30000

[Hordewm vulgare ] 3 I l
0




Within the category ‘secondary metabolism’, the yane UDP-D-glucuronate
decarboxylase was up-regulated by A4, but its leleareased to the same level as in non-

acclimated crowns after 2 wk sub-zero acclimation.
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Figure 2. The expression of unidentified cold-regalted proteins from crowns of velvet bentgrass.
Abbreviations for treatments: NA, non-acclimated phnts; A4, acclimation at 2°C for 4 wk; and A4+SZA2,
acclimation at 2°C for 4 wk followed by sub-zero adiimation at -2°C for 2 wk. The same letter indica¢s

no significant difference based on Fisher’s proteed LSD test.

DISCUSSION

Acclimation of plants for 4 wk at 2 °C (A4) sigroéintly increased freezing tolerance, but the
following sub-zero acclimation did not provide atighal freezing tolerance. In contrast, sub-
zero acclimation was shown to improve freezingrtotee in cereals and grasses as compared
with acclimation at low non-freezing temperaturedéyq Tumanov, 1940; Livingston, 1996;
Dionne et al., 2001a; Herman et al., 2006). Théigehcy of artificial acclimation depends
on light intensity, temperature, day length (Hueeal., 1993; Tepperman et al., 2001), and
duration of the first (Veisz and Sutka, 1989; Vdai et al., 1999) and second (Herman et
al., 2006) stages of cold acclimation. As previguliscussed by Espevig et al. (Paper 1), the
negligible effect of SZA in our study could be dwethe long duration of the first or second
acclimation stages. Thus, Veisz and Sutka (1988)\&uyujfalvi et al. (1999) demonstrated a
negative effect of prolongation of the first stagjeacclimation on freezing tolerance in wheat
(from 7 to 8 weeks and from 5 to 6 weeks, respeltjvDionne et al. (2001a) found no effect
of prolongation of acclimation at 2°C (light) frobto 4 weeks in annual bluegrass. However,
we previously showed a significantly better fregztnlerance after 4 than after 2 weeks of
hardening at 2°C in velvet bentgrass (Espevig gtRdper 1). Herman et al. (2006), for

instance, reported negative effect of prolongedzewd acclimation. The investigators
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reported that acclimation of winter wheat crowns-ZC under controlled conditions for

periods longer than 3 d led to reduced survivadrditeezing. But it appears that negligible
effect of subzero acclimation in our study coulddae to the effect of subzero acclimation
was not sufficiently expressed as plants were eaghts each freezing temperature only for 2
h. Dionne et al. (2001a) found an additional effeicsubzero hardening even with only 1 h
exposure to various freezing temperatures in anplualgrass, but this situation may well be
different in a more winter-hardy species such dgetdentgrass.

Results showed that both acclimation treatmentsdeguantitative changes in crown
protein content. Currently, there are very few répon protein changes in crown tissue in
grasses in response to cold acclimation. Simildh wold acclimated wheat (Herman et al.,
2006), differences in protein expression in crovgsue between non-acclimated plants and
plants exposed to the first acclimation stage (Wé&ye more pronounced than differences
between plants exposed to A4 and A4+SZA. The cedgponsive proteins identified in our
study had metabolic, energy, and defense functions.

Metabolism. Quantitative changes in amino acids in plants ésponse to cold
acclimation have been previously reported, but ttwé in freezing tolerance remains unclear
(Naidu et al., 1991; Dionne et al., 2001b). In study, both serine hydroxymethyltrasferase
and methionine synthase involved in amino acid I's3gis were up-regulated. The major
reaction catalyzed by serine hydroxymethyltrasteras the interconversion of serine and
glycine resulting in generation of one-carbon uioit the biosynthesis of many organic
compounds, including nucleotides, methionine, tldylaste, choline, etc. (Schirch and
Szebenyi, 2005). Methionine synthase catalyzesetiminal step of methionine biosynthesis,
notably the transfer of a methyl group fron-iethyl-tetrahydrofolate to homocysteine
(Ravanel et al., 1998). Up-regulation of both enegnby cold acclimation suggests an
increase in the formation of amino acids includmethionine, serine, and glycine. Naidu et
al. (1991) reported higher levels of glycine inMes of winter wheat after 5 d at 4°C, but no
changes in serine and methionine. The possibleeaser in methionine in our study might
refer to a general increase in protein synthesisesthe formation of a peptide chain always
begins from methionine. Methionine is also involveathylene and polyamines biosynthesis
(Wang et al., 2002). Ethylene plays a role in @hee to various biotic and abiotic stresses.
Heat (Hays et al., 2007), drought (Apelbaum andgyd®81), and hypoxia (Huang et al.,
1997) were shown to induce production of ethylétthylene was reported to increase protein

production in the apoplast and induce antifreezeigcin non-acclimated winter rye leaves
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(Yu et al., 2001). Mack#&kova et al. (1989), however, reported a decreasethylene
production at low temperature.

Energy. Since photosynthesis and respiration are temperaependent processes
(Huner et al., 1993; Guy, 1999; Klimov, 2009), siglant changes in proteins, particularly,
enzymes involved in carbon metabolism in responseotd acclimation have been reported
by many investigators (Herman et al., 2006; Rapstcal., 2008; Kosmala et al., 2009).
Similar to our results, ribulose-1,5-bisphosphatdoxylase/oxygenase (Rubisco) production
was down-regulated during cold acclimation in r{€&yza sativa L.) (Hahn and Walbot,
1989) and winter wheat (Herman et al.,, 2006). Meeepthe carboxylase activity of the
enzyme was suggested to be more suppressed byhemlcbxygenase activity (Sawada and
Miyachi, 1974; Graham and Patterson, 1982). Inresiit Vu et al. (1995) reported that the
large subunit of Rubisco was up-regulated, butstinall unit down-regulated, in response to
cold acclimation in citrus.

Aldolase was down-regulated only after SZA in otdyg. The metabolic function of
cytosolic fructose-bisphosphate aldolase is cleavddructose 1,6-bisphosphate (F-1,6-BP)
into glyceraldehyde 3-phosphate and dihydroxyaaetphosphate during glycolysis. In
addition, glyceraldehyde-3-phosphate dehydrogen&@SAPDH), which catalyzes the
subsequent conversion of glyceraldehyde 3-phospbagkycerate 1,3-bisphosphate, was also
down-regulated. Although there is limited infornoattion the regulation of these two proteins
during cold acclimation, our results indicate aegsion of respiration at low temperatures.
In contrast to other studies generally showingaase in GAPDH production (mostly in
roots) and respiration rates in response to diftestresses such as heat, hypoxia, or salt
(Yang et al.,, 1993; Chang et al.,, 2000; Xu et 2010). Our data on expression of the
enzymes involving either in Calvin cycle (rubisaw)glycolysis (aldolase, GAPDH), suggests
that adaptation of velvet bentgrass to low nonZimeg and sub-freezing temperatures
occurred under suppressed photosynthesis andatgspir

There is limited information regarding the physmtmal role of cytoplasmic aconitase
in plants. The enzyme appears to be involved irgthexylate cycle (Courtois-Verniquet and
Douce, 1993) which converts lipid to sucrose. Alilo this enzyme was up-regulated in our
study, the contribution of the glyoxylate cycleth® considerable increase in sucrose content
during cold acclimation in velvet bentgrass seenasgmal compared with the role of the
photosynthetic pathway. Like mitochondrial acoretaghich catalyzes the isomerization of
citrate to isocitrate in the tricarboxylic acid tg/iccytoplasmic aconitase was reported to be

inhibited by hydrogen peroxide {B,) (Verniquet et al., 1991). So, probably, the

12



concentration of kD, after A4 was lower than in NA crowns, though thex@ntration of
H.O,is expected to increase during chilling and coldiawation (Kocsy et al., 2001).

Disease/defence. The generation of #D, or other reactive oxygen species (ROS) is
commonly associated with abiotic and biotic stremsditions (Neill et al., 2002). According
to the current understanding of the mechanismsriymdg cold acclimation in grasses (Huner
et al.,, 1993; Sandve et al., 2011), the generatfoROS is associated with an imbalance
between rates of photochemical reactions vs. themeraical reactions (CChlixation and
Calvin cycle), leading to an over-excitation of Risystem Il (PSII). In our study the only
protein which could potentially contribute to defmation of H,O,, was peroxidase. The
enzyme was indeed down-regulated after A4, butegpHated again after SZA. Gaudet et al.
(2000) also reported peroxidase levels were deguated in crowns of winter wheat
following 7 d of exposure to cold acclimation alC2%ut up-regulated again following two
more weeks at given conditions. The potentially lmevoxidase level in crowns of A4 plants
in our study could be due to quick recovery fronbeptial photoinhibition (Mullineaux et al.,
2006). Okuda et al. (1991) found that elevatg@Hin leaves of wheat returned to the normal
level within 15-20 min after exposure to cold treant.

A putative glycine-rich protein was up-regulatedr@sponse to A4, but its production
was found to return to the same level as in nofiraated plants after SZA. This protein had
2-sequence similarity with cold shock protein (CSRM wheat. Plant CSP with high
sequence similarity with bacterial CSP, which isregulated by cold and is capable of
binding nucleic acids, were found in barléyofdeum vulgare L.) (blt 801) (Dunn et al.,
1996) and winter wheat (WCSP1). Chaikam and Karl@®08) showed that CSP in rice
(OsCSP) was more expressed in reproductive tissues asdies with high meristematic
activity. Similar to our study, Karlson et al. (Z)Gbserved that the level of WCSP1 was low
in NA plants, but then it was gradually increasadrty 18 d of cold acclimation.

The up-regulation of UDP-D-glucuronate decarboxglasresponse to cold acclimation
has not been reported previously. The enzyme @slgynthesis of UDP-D-xylose from
UDP-D-glucuronate and is suggested to influenceweall composition in barley (Zhang et
al., 2005). Cell walls most likely contribute to im@nance of cell integrity during desiccation
caused by freezing similarly to that caused by gdnvNeale et al., 2000).

In summary, acclimation of plants for 4 wk at 2(&2l) significantly increased freezing
tolerance, but following sub-zero acclimation diok provide additional freezing tolerance.
The increased freezing tolerance might be assachtth enhanced amino acid synthesis,

since serine hydroxymethyltrasferase and methiorsgyathase were up-regulated by
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acclimation. Aconitase, UDB-glucoronate decarboxylase and glycine rich protesne also
up-regulated after A4 acclimation, while rubiscoglaand small subunit, glyceraldehyde-3-
phosphate dehydrogenase and peroxidase were dowiated. The differences in protein

composition were more pronounced between NA anthasd between A4 and SZA.
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ABSTRACT

Up to six velvet bentgrass cultivars Avalon, GremtwLegendary, Villa, Venus and Vesper
and creeping bentgrass ‘Penn A-4’ were tested ucmigrolled environmental conditions ~
freezing tolerance and susceptibilityMbcrodochium nivale under different simulated win
covers (uncovered, snow, and ice) for 6 and 12 wedkthout cold hardening, plants of all
cultivars failed to survive -6°C, whereas plantkldeardened in a growth chamber at 2 °C for
2 weeks survived -6°C, but failed to survive lowemperatures. Turf that had been hardened
for two additional weeks at -2 °C survived -9 &@d to a certain extent -12 °C. Only turf that
had been hardened under natural outdoor conditrons August to January survived -15 °C.
Cold hardening at 2 °C also increased survivalrafteculation withM. nivale. After 6
weeks of simulated winter conditions, the plantseted by artificial snow showed more
winter injury than those under ice, but after 12l ice cover caused the largest damage.
Cold hardened plants without cover were fairly s&sit to infection by. nivale. Differences

in freezing tolerance between velvet bentgrasscaeeping bentgrass ‘Penn A-4" and among
velvet bentgrass cultivars were generally notifigant, but ‘Penn A-4’ was more resistant to

M. nivale than velvet bentgrass cultivars.

Key words: acclimation, Agrostis canina, cold hardening, freezing tolerance, golfgreen,

simulated ice coveiicrodochium nivale, snow mold, simulated snow cover



INTRODUCTION

Winter injury of temperate grasses used for turfisignificant problem in northern
climatic regions. At present, about 70 % of Scaadian golf courses suffer from winter
damage every year (STERF, 2009), and the use démivardy species and cultivars in the
Nordic countries is necessary. In cultivar evahratiield trials at two locations in Norway
(one continental, 61°N, and one coastal, 58°N) f&9@3 to 2006, velvet bentgragsyfostis
canina) showed better winter survival than creeping bexsg A. stolonifera L.) (Aamlid et
al.,2006; Molteberg et al., 2008). However, thdedédnces between velvet bentgrass cultivars
regarding ability to survive winter damage fromsfrasnow, ice cover, and snow mold are not
known.

Velvet bentgrass is known for producing excelldaymg surfaces without the need for
high inputs of pesticides, fertilizers, or irrigati water. The species also has better tolerance
to several abiotic and biotic stresses than crgelpantgrass (Brillmann, 2003; Da Costa and
Huang, 2006; Murphy et al., 2009)

Because winter injury in field trials may be caudsdone or more stresses (freezing
temperatures, ice encasement, crown dehydratiafipafungal diseases) (Humphreys, 1989;
Ergon et al., 1998; Bertrand et al., 2009a; Castapget al., 2009), controlled environment
studies are needed to determine possible diffesencewinter survival among velvet
bentgrass cultivars and to determine the causeslifi@rences in winter survival between
velvet bentgrass and creeping bentgrass.

Winter hardiness is significantly affected by aipérof cold acclimation or cold
hardening, during which a number of physical, baultal, and physiological changes
contribute to enhanced cellular stability undefestént winter stresses (Levitt, 1980; Guy,
1999; Thomashow, 1999; Rajashekar, 2006). Two cuise stages of cold hardening have
been suggested in winter cereals and temperats gpesies (Tumanov, 1940). The first
hardening stage occurs at temperatures above ritedapproximately 2 to °®) and is
characterized by several changes including accumnlaf osmolytes (e.g. nonstructural
carbohydrates, amino acids) and antifreeze prqotemserve carbohydrates, increases in
antioxidant production, and alterations in phospghd$ and fatty acids (Livingston, 1991;
Tronsmo et al., 1993; Dionne et al., 2001a, 206ldffman et al., 2010; Paper 1). The second
stage, referred to as sub-zero hardening, leadsdoisition of additional freezing tolerance
(Tumanov, 1940; Livingston, 1996; Herman et al.,0@0 Exposure to sub-freezing

temperatures (-2 to -5°C) is commonly associateét iwwduced ice formation in the apoplast
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and dehydration of plant cells (Steponkus and Lyrkt®89; Herman et al.,, 2006). The
minimum necessary duration of the second hardestamgg is still controversial.

Freezing tolerance is a major component of wintardimess of perennial grasses
(Humphreys and Eagles 1988; Xiong and Fei, 2006keHeat al, 2008). Recently, we found
no differences in freezing tolerance between ‘Gngelm’ velvet bentgrass and ‘Penncross’
creeping bentgrass (Paper 1). However, the freemiegance of different velvet bentgrass
cultivars has not yet been investigated.

Pink snow mold caused by the funghBcrodochium nivale is one of the most
damaging low-temperature diseases of turfgrassewithern Europe, northern USA, and
other temperate and boreal regions (Arsvoll, 199%5; Smith et al., 1989; Smiley al.,
2005; Matsumo, 2009; Bertrand et al., 2009b). Snwild pathogens are difficult and costly
to control. While the optimal mycelial growth forost low-temperature fungi occurs at
temperatures above 10 °C (Bennett, 1933 cited inhSehal. 1989; Snider et al., 2000), their
low competitive ability results in ‘avoidance oftagonism by escaping to the under-snow
habit’ (Matsumoto, 2009). Plant survival during ¥&nmonths and severity of snow mold
depend on the presence or absence of winter cqvanticularly snow or ice (Arsvoll, 1973;
Dionne et al., 1997; Tompkins et al., 2004; Aanetichl., 2008). However the critical duration
of winter covers and their effects on susceptipiid snow molds in turfgrasses are not well

documented.

Similar to freezing tolerance, resistance to snoads) can be enhanced by cold hardening
(Tronsmo, 1984; Hofgaard et al., 2006), but the masms underlying freezing tolerance
and resistance to snow molds are not completelyenstabd. No turfgrass species has
absolute resistance to snow molds, but suscepjittdi low-temperature diseases can vary
among plant species and cultivars (Smith et ald91¥Hofgaard et al., 2003; Smiley et al.
2005; Latin, 2007). In contrast to winter cereatsl dorage grasses, studies on snow mold
resistance in turfgrasses are limited (Smith, 193%sler et al., 2001; Wang, 2005; Chang et
al., 2007; Casler et al., 2006, 2007). The knowdedegarding disease resistance in velvet
bentgrass is restricted to grey snow molypbula incarnata), dollar spot £clerotinia
homoeocarpa), brown patch Rhizoctonia spp.), and copper spoBGleocercospora sorghi)
(Chang et al., 2007; Brilman and Meyer, 2000; Bramd Jung, 2010). Chang et al. (2007)
reported that velvet bentgrass was more susceptiblBphula incarnata than creeping

bentgrass and colonial bentgrass under controifgeol@mental conditions.



The aim of the present study was to compare vddeatgrass cultivars and creeping
bentgrass ‘Penn-A4’, with respect to freezing t@hee, survival under different simulated

winter conditions and resistance to pink snow mafter different periods of cold hardening.

MATERIALS AND METHODS

Plant material and hardening conditions

Up to six velvet bentgras@\@rostis canina) cultivars, Avalon, Greenwich, Legendary,
Venus, Vesper, and Villa, and the creeping benggfasstolonifera) cultivar Penn A-4 were
included in three independent trials. Seeds wenensat rate of 6.7 g/fin 10 x 10 x 7.5 cm
pots with USGA-specifications growth medium conitagn 0.5% (w/w) organic matter
(Baskarpsand, Sweden). Unhardened plants were gimwshand 10 weeks in a greenhouse
in 2006 and 2007, respectively, or for 10 weeks igrowth chamber in 2008, at 18/T2
(day/night temperature) with a 16h photoperiod gibtosynthetic photon flux density
(PPFD) of 150 umol fis®. For hardening, plants were grown under the sasnéitions for
8 weeks in 2006, and 9 weeks in 2007 and 2008 ttzvd hardened in a growth chamber at
2°C for 2 weeks and 16 h photoperiod with a PPFRS8fumol m? s* In 2008, an additional
hardening treatment was also included, with 2 weékslditional subzero hardening at -2 °C
in darkness following the 2-week hardening at 2%@lar light. The plants were watered
regularly and fertilized once a week with 25 mL et of a complete nutrient solution
containing micronutrients and 0.31 g litenitrogen (N), 0.05 g lit€r phosphorus (P) and
0.36 g litet* potassium (K). The turf was mowed to a height-3f Bim three times per week
using a hand-held electric grass cutter (Gardena).

For evaluation of cold hardening in the field, thetivars were sown at 6.7 gfron a
green at Landvik 21 Aug. 2008. The plots were movee@ mm three times per week until
the last week of September, when mowing height waased to 4 mm. The last mowing
was performed in mid-October. The plots were itegaregularly and fertilized at biweekly
intervals until late October. Four-month-old sodsthe cultivars (10 x 10 x 7.5 cm) were
taken from the green and potted the day befordrdezing test. The temperature and light
intensities for the natural acclimatization (ordeming) are shown in Fig. 1.
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Fig. 1. Mean diurnal temperature and mean diurnal ight intensity (PPFD averaged over 24 h) at
Landvik in autumn and early winter 2008-09 (Biofork AgroMetBase).

Freezing tests

For the freezing tests, unhardened and cold haddptemts were transferred to controlled
climate chambers and incubated for 12 h at 2°C.t€hgerature was then reduced at a rate
of 1°C/h to -6, -9, -12, or -15°C and maintainedhatse levels for 24 h. The temperature was
than raised by 1°C/h and maintained at - 2°C foiople ranging from 5 to 23 h before being
increased at a rate of 1°C/h to 2°C. The pots wraresferred to the greenhouse at 18(12
day/night temperatures and 16 h day length (150 Ipmids?). Freezing tolerance was
assessed visually after 14 and 26 days as turfguaséval, i.e. the percentage of the pot

covered with healthy grass.

Susceptibility to Microdochium nivaleand effects of snow and ice cover

Evaluation of susceptibility taM. nivale with or without simulated winter coversas
performed in 2006 only. A Norwegian isolate of snovwuld fungi,M. nivale 3/98, originally
isolated from perennial ryegrasgascultured in Potato Dextrose Broth (PDB) for 14 days
9 °C in darkness (Tronsmo, 1993). Fungal mycelium Wwasvested by filtration through
cheesecloth. Inoculum was prepared by homogenthmgnycelium in distilled water using a
Ultra Turrax homogenizer (Janke & Kunke). The fimaculum was adjusted to an optical
density of ORs, = 0.48, which is roughly equivalent to>1€olony forming units mtt. To
evaluate the effect of artificial snow or ice cower snow mold infection, unhardened and
hardened plants were sprayed with approximately_amyjcelial suspension/pot with a high-

pressure-sprayer. Control pots were sprayed witierwdhe pots were incubated for 6 or 12



weeks in darkness at 0.5 - 1°0, either uncovered (simulating winter conditionghwno
snow or ice cover), enclosed in air-tight vacuurgshasing a food vacuum sealer (Vuomatic
VM 360, Bernardi, Italy) (simulating anaerobic cdihs under ice cover; Aamlid et al.,
2008) or covered with a sheet of wet cotton andoped in plastic (simulating snow cover;
Arsvoll, 1977; Tronsmo, 1993). In all cases, pleegponses were evaluated as turf survival
(percentage of pot covered with healthy grass) afte weeks of recovery in the greenhouse

under the same conditions as described above.

Statistical analyses

The experiments were conducted according to coelgleandomized designs with three
replications for each combination of all experinariteatments. Analyses of variance were
performed using the software package STATISTICAréim 6.0, Hill and Lewicki, 2007).
There were three experimental factors in the fregzests (cultivar, hardening, and freezing
temperature) and five experimental factors (cuftiveardening, inoculation with pink snow
mold, simulated cover, and duration of winter tneat) in the winter survival tests.
Significant differences among treatments were ifledt by Fisher's least significant
difference (LSD) test at the 5 % probability level.

RESULTS

Freezing tests

The freezing test in 2006 revealed slightly lowereking tolerance of creeping bentgrass
‘Penn A-4" compared with velvet bentgrass cultivéifggure 2). Among velvet bentgrass
cultivars, ‘Greenwich’ had the highest freezingetahce in the unhardened state. The
repeated experiments in 2007 and 2008 showed nufisamt differences in freezing
tolerance between creeping bentgrass and velvagiass (also among cultivars; data not
shown).

In all experiments, unhardened plants barely sed/iany of the freezing temperatures
(results from 2006 and 2008 are shown in Figure A). cold hardening treatments
significantly improved freezing tolerance of velNmntgrass and creeping bentgrass. Plants
hardened at 2°C for two weeks under light had arage of 89, 8, 0, and 0% surviving plant

coverage after freezing to -6, -9, -12 and -15%Spectively. Additional sub-zero hardening



significantly enhanced tolerance to -9 °C, -12 @ al5°C, as the plant coverage was 60, 57
and 30%, respectively. Plants hardened in the 8aldived all freezing temperatures (Figure
4).
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Figure 2. Survival of unhardened (UH) and cold haréned (H2) cultivars of velvet bentgrass and
creeping bentgrass 'Penn A-4' after freezing testH2 = hardening for 2 wk at 2 °C and 16 h
photoperiod with PPFD of 250pmol m? s*; experiment 2006).
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Figure 3. Effects of cold hardening treatments onurfgrass survival 14 days after exposure to
different freezing temperatures in the 2006 and 2@experiments. Treatments: UH, unhardened
plants; H2, hardened at 2°C for 2 wk; H2+SZH2 haréned at 2 wk at 2°C followed by 2 wk at -
2°C, and FH, cold hardened under field conditionsriean of creeping bentgrass ‘Penn A-4’ and
velvet bentgrass cultivars).
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Fig 4. Recovery of plants 26 days after exposure the freezing temperatures of -6. -9, -12, and -16°(2008
experiment). The three trays in the top of each pho: unhardened plants (UH), hardened 2 weeks at 2°C
(H2), and hardened 2 weeks at 2°C followed by 2 wieeat -2°C (H2+SZH2); Pots at the bottom of each piio
are plants hardened in field (FH). A=Avalon, G=Greawich, L=Legendary, V=Villa, A4=Penn A-4. (Photo:
Arne Tronsmo).

Susceptibility to Microdochium nivaleand effects of snow and ice cover

Since most of the two- and three-way interactiomerag hardening, simulated ice and snow
covers, duration of treatment, and inoculation with nivale were significant, turfgrass
survival following various combinations of thesetfars is shown in Figure 5. Under the
given conditions, uncovered plants survived bdttean value 85 %) than plants maintained
under simulated ice or snow cover (both 44% sutuividearly 100% of the hardened
uncovered plants survived regardless of inoculatdh M. nivale and duration of treatment

(Fig. 5).



Only 57% of the unhardened plants survived 6 weakder simulated ice cover.
Hardening at 2°C for 2 weeks resulted in nearly%08urvival under these conditions.
However, when the duration of ice cover was pro&mhffom 6 to 12 weeks, plant survival
only amounted to 9% on average for both unhardameldhardened plants. Inoculation with
M. nivale had no effect on survival of hardened or unhardgaents after simulated ice cover

for 6 or 12 weeks.

I LSDa.os

]
ahr

LIS

Plant survival, %

LR
IS e
AW
o3 B LT

[ 2]

6wk | 12wk

e JLE

moEeE

& wi | 12 %]

no Cover ice

TH UH+Mn w2 mowes H2+bin

Figure 5. Effects of hardening and duration of simiated winter covers on survival of noninoculated pnts
and plants inoculated with Microdochium nivale(Mn) (mean of creeping bentgrass ‘Penn A-4’ and veét
bentgrass cultivars). H2 = hardening for 2 wk at 2C and 16 h photoperiod with PPFD of 25@mol m?s
! experiment 2006.

Simulated snow cover significantly lowered survival plants which had been
inoculated withM. nivale compared with noninoculated plants. Unhardenedulabed plants
did not survive even 6 weeks under simulated snowercin contrast to hardened plants,
which showed 46% survival (Fig. 5).

As compared with 6 weeks, 12 weeks of simulatedvsoover only led to a small
decrease in plant survival of hardened noninocdldie! percentage points) or inoculated
plants (6 percentage points). By contrast, proltogadf the simulated snow cover resulted in
73 percentage points decrease in the survival lodrgdened and noninoculated plants.

Hardening significantly improved survival of inoatéd plants in all treatments except
for the plants maintained for 12 weeks under sitedlace cover (Fig. 5, Fig. 7).

The differences among velvet bentgrass cultivanrgewemall and inconsistent except for
‘Avalon’, which, on average for all treatments, Hagver survival than the other cultivars.

The velvet bentgrass cultivars were more suscepthdn creeping bentgrass ‘Penn A-4’ to



M. nivale (two interaction significant gb<0.01; Figs. 6 and 7). Interactions among cultivar

and ice or cover or duration of exposure were rgmfcant.
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Figure 6. Effect of inoculation with Microdochium nivaleon survival of cultivars of velvet bentgrass and
creeping bentgrass 'Penn A-4’ (average for all treents).

Fig 7. Symptoms ofMicrodochium nivaleon unhardened (left) and hardened (right) turf afer 12 weeks
without ice or snow cover. Photo taken after two weks recovery in the greenhouse. Cultivars: A
Avalon, V = Villa, G = Greenwich, L = Legendary, A4 = Penn A-4. (Photo: Katarina Gundsg Jensen).

DISCUSSION

Little is known about winter hardiness of velveintggass. Recently, we demonstrated that
velvet bentgrass ‘Greenwich’ and creeping bentgi@esncross’ did not differ in freezing
tolerance (Paper 1). Creeping bentgrass was prayioaported to survive  -35°C (kJ
when hardened in the field (Gusta et al., 1980)h&igh unhardened plants of ‘Greenwich’
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survived exposure to -6 °C better than the othdtivaws in one of the present trials, our
overall results showed no differences in freezolgrance among velvet bentgrass cultivars.

Freezing tolerance of velvet bentgrass and creepagyenhanced by the first stage of
cold hardening as was previously shown in winteeals and forage grasses (Veisz and
Sutka, 1989; Livingston, 1991; Tronsmo et al., 1998ingston et al., 2009). We also found
that hardening in light at 2 °C followed by subadrardening at -2 °C for 2 weeks led to
additional freezing tolerance in both bentgras<igge This is in agreement with Dionne et
al. (2001a), who showed the same phenomenon irehbfuegrassRoa annua). However, in
our previous study freezing tolerance of velvettQess and creeping bentgrass was not
improved by subzero hardening at -2 °C in darkregss hardening at 2 °C for 4 weeks
(Paper 1 and 2). The lack of additional freezinigramce after the second hardening stage
was most likely due to the effect of subzero hatigrvas not sufficiently expressed in our
previous study as plants were exposed to eachirfigggzmperature only for 2 h in contrast to
24 h in the present study. Dionne et al. (2001la)ndoan additional effect of subzero
hardening even with only 1 h exposure to varioegeZing temperatures in annual bluegrass,
but this situation may well be different in a monenter-hardy species such as velvet
bentgrass and creeping bentgrass. In any casealidtiection between the first and second
stage of cold hardening becomes less apparent dietteiconditions. In the present study it
is, indeed, noteworthy, the highest freezing tosleeawas achieved outdoor, despite the fact
the average light intensity from 1 Oct. to 1 Jamaswgignificantly lower than in the indoor
hardening chamber. Better freezing tolerance ohtplehardened under natural outdoor
conditions can be explained by the longer hardepergpd with temperature fluctuations and
also by the exposure to subfreezing temperatureariy January.

Hardening significantly improved survival of berdgs which had been inoculated with
M. nivale. This is in accordance with earlier investigatishewing cold hardening to enhance
resistance to pink snow mold in winter cereals famdge grasses (Tronsmo, 1984; Hofgaard,
2006). Among possible mechanisms for the cold-ieduesistance in cereals and grasses are
reduced water potential (Tronsmo, 1986) and pradacof pathogenesis-related proteins
(PR-proteins) (Ergon et al., 1998; Gaudet et &I002 Muthukrishnan et al., 2001; Paper 2).
The composition of nonstructural carbohydrates,ctvraccumulate in crowns during cold
hardening, is also thought to contribute to snowldmeesistance. Snow mold-resistant
cultivars of winter wheat have been suggested twmraalate higher levels of nonstructural
carbohydrates and metabolize them at slower rages $usceptible cultivars (Yoshida et al.,

1998). Previously, we demonstrated that both urdreed and hardened creeping bentgrass
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accumulated more fructan than velvet bentgrasslewsucrose was maintained at similar
levels in both species (Paper 1). Apparently, &instdid not contribute to freezing tolerance,
which did not differ between the two species, lumay have contributed to snow mold
resistance, because inoculated creeping bentgPass ‘A-4’ had generally higher survival
than velvet bentgrass cultivars in both unhardesredl hardened state. This would suggest
that freezing tolerance and pink snow mold restsan the bentgrass species have different
mechanisms, as was previously proposed for timdtegarding resistance tdyphula
ishikariensis) (Tronsmo, 1985) and natural infection by differenbw mold fungi in winter
wheat (Yoshida et al., 1998).

As for freezing tolerance, the small differencesdsistance to pink snow mold among
velvet bentgrass cultivars was probably due totéthigenetic diversity among the cultivars
included in this study. ‘Avalon’ was originally essed from the University of Rhode Island,
but the other varieties all originated at Rutgersveersity (L. Brilman, pers. comm., April
2010), where the breeding program has focused bar atharacters than overall winter
hardiness or snow mold resistance (Brown and U@ 28. Bonos, pers. comm. 2011). This
situation is very different from naturally selectedotypes of annual bluegrass showing
genetic variability in resistance to pink snow mdkamlid et al., 2008; Bertrand et al.,
2009b) or freezing tolerance (Dionne et al., 20I)e latter investigators also reported
positive correlation between resistance to M. mi\aid duration of snow cover on green-type
annual bluegrass.

Additionally, as a species, velvet bentgrass teriddak more susceptible to pink snow
mold than creeping bentgrass. Earlier, velvet basgywas reported to be more susceptible to
grey snow mold caused bjyphula incarnata than creeping bentgrass under controlled
environmental conditions (Chang et al., 2007).

Pink snow mold reduced survival of hardened plafter 6 and 12 weeks under
simulated snow cover by 44% and 41%, respectivelypared with hardened non-inoculated
plants. In contrast, inoculation witi. nivale had no effect on uncovered hardened plants, in
spite of the fact that snow cover is not neces$arythe development of pink snow mold
(Arsvoll, 1973; Matsumoto, 2009). Our results swgighat at given conditions (0.5 - 0,
darkness) even hardened plants of velvet bentgmnadscreeping bentgrass are not able to
completely withstand snow mold infection in thegaece of snow cover.

The duration of snow cover has different effectdhmincidence and severity of various
snow molds (Arsvoll, 1973). In our study, the sualiof plants inoculated witM. nivale was

only insignificantly lower after 12 weeks companeith 6 weeks duration of simulated snow
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cover. This is in agreement with Arsvoll (1973),ambserved pink snow mold after only 30
days, with only insignificant increases after 9§<laf snow cover on forage grasslands.
Simulated ice cover for 12 weeks caused the ladpstage, regardless of hardening or
inoculation with snow mold. This is in agreementhwobservations of winter damage on
Norwegian golf courses. The lack of effect of snowld fungi under ice cover can be
explained by inhibition of the fungi by anaerobanditions and accumulation of toxic gases
(Levitt, 1980), which, in our experiment, probablgached a critical level somewhere
between 6 and 12 weeks of exposure. Aamlid et28l0§), using a simulation technique
similar to that in our experiment, found criticalei encasement periods of 25-30 days in
annual bluegras$¢a annua) and 42-47 days in creeping bentgrass. Other figaters have
found that creeping bentgrass can tolerate up @odb¥s of ice cover under field conditions,
but this depends on how the ice is formed and hompact it is (Beard, 1964; Hamilton,
2001; Thompkins et al., 2004). Studies under Ngrarefield conditions suggest that velvet
bentgrass may be more tolerant to long-lastingcmesr than creeping bentgrass (Aamlid et
al. 2006), but this aspect needs further investgaas it could not be confirmed under the

simulated conditions used in this study.
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ABSTRACT

The use of velvet bentgrasé&gfostis canina L.) on golf greens is limited by sparse
knowledge on optimal maintenance. Our objective twadetermine the effects of nitrogen
(75 or 150 kg N ha yr?), topdressing (0.5 or 1.0 mm biweekly), and meit®fbiological
treatments (grooming, vertical cutting, spikinghdfch-less™’) on turfgrass visual quality,
playability, winter survival, and thatch formatiobhe study was conducted on USGA greens
seeded with velvet bentgrass ‘Legendary’ at a ebg&iandvik, 58°N) and a continental
(Apelsvoll, 61°N) location in Norway in the peria2D07-10 and 2007-09, respectively.
Velvet bentgrass required at least 150 kg N g&* and heavy topdressing during the first
year after sowing. The N rate of 150 kg'ha™ reduced moss and winter injuries compared
with 75 kg N ha yr', but lowered surface hardness by 21% and baldistance by 6-14%.
On older green, the lower N raiad heavy topdressing were key elements in maintenaf
velvet bentgrass with acceptable turf visual arayiplg quality and adequate percentage of
organic matter in the mat. Compared with groomimgy,0grooming + vertical cutting
significantly reduced mat organic matter from &4t3 % at Landvik and resulted in better
visual quality at Apelsvoll. Grooming + spiking imgved water infiltration rate by 51% at
Landvik and 253% at Apelsvoll compared with groognomly, but reduced surface hardness.
‘Thatch-less™’ increased hardness of the otheraideplots receiving grooming + spiking,

but had no effect on mat depth or organic mattaterd.
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INTRODUCTION

Velvet bentgrassAgrostis canina L.) is a native species in northern and centraloper
(Brilman, 2003). After being brought to North Ameaiduring the emigration period, New
England golf superintendents realized that vehaitgprass produced beautiful greens like a
‘velvet carpet’. In addition to very fine surfacexture, velvet bentgrass has better shade
(Reid, 1933) and drought (DaCosta and Huang, 2@é)ance than other bentgrass species.
It is more resistant to dollar spdic(erotinia homoeocarpa) and brown patchRhizoctonia
spp.) (Brilman and Meyer, 2000), tolerates as narceven more compaction and wear stress
(Murphy et al., 2009; Samaranayake et al., 2008} eompetes better against annual
bluegrass Poa annua L.) infestation (Samaranayake et al., 2009) thaeming bentgrass
(Agrostis stolonifera L.). In the Nordic countries, the benefits of veldeentgrass were
rediscovered through a variety evaluation projaawvhich velvet bentgrass had better winter
survival than any other species on a putting greleare no pesticides were used (Molteberg
et al., 2008). However, as Espevig et al. (Papediodnd freezing tolerance to be equal in
velvet bentgrass and creeping bentgrass underatiedticonditions, we hypothesize that the
superior winter survival of velvet bentgrass in tagiety evaluation project was due to other
traits than freezing tolerance per se. Thus, wistevival of velvet bentgrass warrant further
investigation under various climatic conditions.

In the 1960's and 1970’s velvet bentgrass fell oufavor on North-American golf
courses. As fertilizers and pesticides were intoedl) creeping bentgrass and annual
bluegrass became the predominant species on putfiegns. Since then, increasing
environmental awareness has raised the quest fbadapted turfgrass species requiring less
water, pesticide and fertilizer use. In this conterlvet bentgrass seems to have a potential in
North America and Europe, but its acceptance angotigcourse superintendents depends on
guidelines for optimal maintenance, and especihlatch management, which is considered
to be one of the biggest problems in this species.

According to Beard (2002}hatch is "an intermingled organic layer of dead andngyi
shoots, stems, and roots of grasses that devetipeén the turf canopy of green vegetation
and the soil surface”. When topdressing is udeatch is intermixed with sand and a layer
called mat is formed. Excessive thatch layers develop whexcth accumulation exceeds
thatch degradation (Beard, 2002).Thatch control bangrouped into (1) prevention of
excessive plant growth and shoot density, (2) ecdraent of microbial thatch degradation,

(3) thatch dilution by sand, and (4) mechanicatdhaemoval.
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Excessive plant growth leading to thatch can beimaed by an appropriate nitrogen
fertilization program. Carrow et al. (1987) stathat thatch will increase with increasing
nitrogen input at both deficient and excessiveilifigrtlevels, but remain constant with
increasing nitrogen within an optimal thresholdemal. Nitrogen rates varying from 48 to
342 kg N h& yr' to velvet bentgrass greens were compared by 8kdD75), Boesch and
Mitkowski (2007), and Koeritz and Stier (2009), hatited information on thatch formation
is available from those studies. Skogley (1975pregul 11.4-12.5% organic matter in velvet
bentgrass mats, but, surprisingly, these numbene wet affected by N rate under his
experimental conditions.

Numerous studies have demonstrated effects of éspohrg and mechanical treatments
on thatch formation. Topdressing (Murphy, 1983; Whand Dickens, 1984; Smith, 1979;
McCarty et al., 2005, 2007) or return of soil frérollow tine coring (Murphy et al., 1993a ;
Fu et al., 2009) will usually decrease the contérdrganic matter in mat by dilution, but at
the same time, these treatments will also incre@sedepth. The contribution of topdressing
to microbial thatch degradation has been contrasdefiglurphy, 1983; Ledeboer and Skogley,
1967; Carrow et al., 1987; Couillard et al., 19®g&Carty et al., 2005). Vertical cutting and
hollow tine coring usually reduce mat depth duedibect thatch removal (Smith, 1979;
McCarty et al., 2005), but the effect of coring (@& et al.,, 1987; McCarty et al., 2005,
2007; Barton et al., 2009), vertical cutting (Carret al., 1987; McCarty et al., 2005, 2007),
and spiking (Murphy et al., 1993a) on the percemtaigorganic matter in mat is often small
unless combined with topdressing. Depending on ngmand frequency, mechanical
treatments are sometimes disruptive to turfgragases (White and Dickens, 1984; Carrow
et al., 1987; McCarty et al., 2005; Fu et al., 20@d this may be particularly harmful in
velvet bentgrass because of the poor recuperatiypacity of this species (Boesch and
Mitkowski, 2007).

Stimulation of thatch degradation is often a difftdask. Thatch is composed mainly of
cellulose, hemicelluloses, and lignin (Ledeboer &kdgley, 1967; Couillard and Turgeon,
1997). Lignin is a complex aromatic polymer thaexsremely resistant to degradation (Kirk,
1971; Crawford and Crawford, 1980). Biodegradatdhignin is mainly accomplished by a
few species of fungi (Martin and Dale, 1980; Blastth, 1991, Sidhu et al. 2010), but
bacteria (Vicufia, 1988; Zimmermann, 1990), esplciattinomycetes (Crawford, 1978),
have also been reported as lignin degraders. Datjoadof cellulose and lignin is essentially
an aerobic process and the degradation rate depertdsf age (Shi et al., 2006), temperature
and soil moisture (Donnelly et al., 1990; Pastod &wost, 1986), pH (Martin and Beard,
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1975), available nitrogen, and the carbon-to-n#rog(C:N) ratio (Raun et al., 1998;
Henriksen and Breland, 1999). It has been clainhad application of products containing
fungi, bacteria, enzymes or other bioactive inggeti will enhance thatch degradation
(Crawford, 1978; Martin and Dale, 1980; Roudsarakt 2008), however the efficiency of
such products under the field conditions remainstroversial (Chamberlain and Crawford,
2000; McCarty et al., 2005, 2007).

Based on the literature cited above, we hypothddizat moderate nitrogen inputs and
heavy topdressing would be key elements to mainmaf velvet bentgrass greens with
good playability and aesthetic quality, acceptataetent of organic matter in the mat layer,
and little winter damage. Due to the limited reaapige capacity of velvet bentgrass and the
low soil temperatures during most of the seaso8dandinavia, we also hypothesized that
mechanical and biological treatments to controkdhavould be of secondary importance
compared with appropriate fertilization and topdimeg programs. The objective of this
research was to determine the effects of nitrogeel] topdressing levels and mechanical /
biological treatments on turf quality, thatch fottoa and winter survival of velvet bentgrass

greens in a coastal and a continental region af@oavia.

MATERIALS AND METHODS

Sites, Soil, and Weather Conditions

Velvet bentgrass ‘Legendary’ was seeded at a ra@ @ mi’ on experimental greens at
Bioforsk Landvik (coastal location, 58! lat., 12 m a.s.l.) and Bioforsk Apelsvoll (inland
location, 61'N lat., 250 m a.s.l.) on 30 May and 26 June 2083pectively. The rootzones
were constructed according to USGA-specificatiddSGA Green Section Staff, 2004) with
a 30 cm layer of sand amended with 15% (v/vafagnum peat at Landvik and 20 % (v/v)
garden compost (‘Green Mix’, Hgst AS, Grimstad, May) at Apelsvoll. Soil samples taken
in April 2008 showed lower pH and lower contentspbibsphorus, potassium, magnesium
and calcium in the rootzone at Landvik than at Apell (Table 1).

The monthly precipitation and mean monthly tempemfor the entire experimental
period at both sites are shown in Table 2. Thd pycipitation on both sites was higher than
the 30-yr normal during all growing seasons. Uniigwaet months were July 2007, August

2008, and July 2009. A long drought period during growing season 2008 was observed at



Landvik with no rainfall from 2 May till 13 June. #otal of 23, 70, and 104 days of snow
cover were observed at Landvik during the winte7208, 2008-09, and 2009-10,
respectively, but the green was never covered byoicwater for more than a couple of
weeks. By contrast, the green at Apelsvoll had mtisoous layer of ice for nearly four
months during the winter 2007-08 and was even nmmguged by melting water during the
winter 2008-09. Therefore, unlike the situation Landvik, all experimental plots at
Apelsvoll were reseeded in spring 2008, and thelevbrperiment was discontinued in spring

20009.

Table 1. Chemical characteristics of soil samplesiken to 20 cm depth at Landvik and
Apelsvoll prior to the start of the study (April 2008).

Sites pH P-AL K-AL Mg-AL Ca-AL
mg per 100 g dry soi—-—-—----

Apelsvoll 7.1 5.5 4.0 4.1 60

Landvik 6.3 1.0 2.0 1.7 15

Experimental Treatments and Plot Maintenance

Experimental treatments. At both sites a three-factorial experiment wasraged according to

a split-plot design with three blocks (replicates) Landvik, each block contained eight main
plots with combinations of a low or a high nitrogermel (75 or 150 kg N hayr?) with one

of four mechanical/biological treatments: 1) Weeldyooming, 2) Weekly grooming +
monthly verticutting, 3) Weekly grooming + month$piking; or 4) Weekly grooming +
monthly spiking + monthly application of the biologl product ‘Thatchless’ (Novozymes
Biologicals, France) (Table 3). Due to limited aravailable at Apelsvoll, only the three
strictly mechanical treatments (1, 2, and 3) wareluded there, giving six main plot
combinations (Table 3). At both sites each maot pas split into two subplots that received
either light or heavy topdressing (0.5 mm or 1 nfrpure sand with no organic matter; grain
size 0.2-0.8 mm; Baskarp, Sweden) every second .wieek to different durations of the
growing season, these rates corresponded for tire gnowing season to 7 and 14 mm sand
at Landvik and 4.5 and 9 mm sand at Apelsvoll. Tepsing sand was usually applied on
Fridays before weekends with irrigation but no magvof the greens. Subplots were 2 m by

1.5 m and main plots 2 m by 3 m at both sites.



Table 2. Mean monthly air temperature and monthly pecipitation at Landvik and Apelsvoll during the experimental period compared with normal values.

Air temperature

Total precipitation

Month 2007 2008 2009 2010 Normalt 2007 2008 2009 2010 mislor
°C mm
Landvik
January - 2.8 0.5 -5.4 -1.6 - 358 178 44 113
February - 4.3 -2.2 -6 -1.9 - 82 65 83 73
March - 2.3 2.7 1.4 1 - 184 116 62 85
April - 6 7.9 6.2 5.1 - 91 28 33 58
May 10.2 11.9 11.3 - 10.4 107 20 76 - 82
June 15.9 14.7 14.8 - 14.7 109 75 54 - 71
July 15.5 17.3 16.8 - 16.2 213 101 244 - 92
August 16.2 15.6 15.9 - 15.4 132 250 99 - 113
September 12 11.6 13 - 11.8 59 137 79 - 136
October 7.7 7.9 6.1 - 7.9 53 153 252 - 162
November 3.6 3.7 5.3 - 3.2 69 123 295 - 143
December 0.9 0.6 -1.7 - 0.2 155 80 218 - 102
May-Sept. 14 14.2 14.4 - 13.7 620 583 552 - 494
Year - 1653 1703 - 1230
Apelsvoll
January - -15 -4.3 - -7.4 - 71 70 - 37
February - -0.4 -8.5 - -7 - 27 64 - 26
March - -1.2 -0.7 - -2.5 - 52 47 - 29
April - 4.7 5.9 - 2.3 - 42 67 - 32
May 9.7 10.2 - - 9 49 64 - - 44
June 15.6 14.1 - - 13.7 82 43 - - 60
July 14.8 16.7 - - 14.8 118 82 - - 77
August 14.7 13.6 - - 135 77 140 - - 72
September 9.3 9.3 - - 9.1 73 47 - - 66
October 5.1 5.7 - - 4.6 6 57 - - 64
November -0.3 0 - - -1.3 45 64 - - 53
December -4 -4.4 - - -5.3 210 36 - - 40
May-Sept. 12.8 12.8 12 399 376 - - 319
Year - 726 - - 600

T Reference period 1961-90.



Table 3. Schedule for mechanical and biological tedments at Landvik and Apelsvoll.

Mechanical/biological

treatmentt Depth Frequency Treatments per year
Landvik Apelsvoll
(2008 /2009)  (2008)

Grooming 0.1-0.2 mm Weekly 21 15

Vertical cutting 2mm Monthly 6/5

Spiking 6 cm Monthly 6/5

‘Thatch less™’ - Monthly 8

T The following treatments and their combinatioreyevcompared in the study: 1) grooming alone, @pigning
+ vertical cutting, 3) grooming + spiking, and 4pgming + spiking + ‘Thatch less™’ (only at Landyik

Fertilization. Including a presowing application of organic ifexér, the total input of
N, P, and K during grow-in in 2007 (before startesiperimental treatments) amounted to
134, 18, and 108 kg Haat Landvik and 100, 20, and 88 kg'tet Apelsvoll, respectively.

During the first experimental period August — O@pB007, the two nitrogen levels at
Landvik equalled 34 and 69 kg N hahe corresponding amounts at Apelsvoll being Aid a
34 kg N h&, respectively. In 2008 (Landvik and Apelsvoll)da2009 (Landvik only), the
total N inputs were 75 or 150 kg N hat both sites as indicated in the experimentai.pa
Landvik, granular Arena® products were applied vab tweek intervals except for four
applications of liquid fertilizer Arena® Crystal éra International ASA, Norway) in 2008. At
Apelsvoll (Table 1), granular Arena® products wstgplemented with ammonium sulfate
21-0-0 (Yara International ASA, Norway) due to thigh pH level (Table 1). Inputs of P, K,
and other nutrients varied proportionately with bhéput. Thus, the relative N:P:K rate was
overall 6:1:6.

The mechanical treatments were started on 31 July and 28 Aug. 2007 at Ldndwid
Apelsvoll, respectively. Weekly grooming was peni@d using John Deere grooming
attachment mounted on a John Deere 220A walk-behmader (Moline, IL) and adjusted to
a depth of 0.1-0.2 mm from the surface. Monthlyticat cutting was performed to 2 mm
depth using Aztec verticutter pod (Allett mowers), TArbroath) mounted on a Aztec drive
unit (Allett mowers LTD, Arbroath). Except for tHigst treatment using 6 mm hollow tines
(i.e. actually a coring treatment) at Landvik, mantspiking was performed at both sites with
8 mm solid tines mounted on a John Deere Aeratorn(Bline, IL) to a working of 6 cm. As

the first spiking (coring) was rather disruptive kaith sites, we suspended all mechanical



treatments for the rest of 2007. The treatment&wesumed on 25 June 2008 at Landvik and
9 July 2008 at Apelsvoll. In 2009, the treatmeatttandvik were applied from 26 May to 20
Aug.

The biological product ‘Thatch less™’contained 0.04% microbial cultureBagillus
licheniformis 1.35 x 16 cfu/mL andB. subtilis 1.65 x 18 cell forming units/mL) and 24.10%
cellulase enzymes derived fromrichoderma reesel (700 endo-glucanase units /g). It was
applied at 10 L ha at 10 day interval in the beginning of each grayseason and then
monthly just after spiking.

Mowing. The greens were mowed with John Deere 220A otttAltalk-behind green’s
mowers three times a week to 3 mm apart from MaeJand September-October when
mowing heights were raised to 4.5 mm at Landvik amam at Apelsvoll.

Rolling and artificial wear. The experiment at Landvik was exposed to artifisiaar
from pulling a friction wear roller with soft spikeover the plots three times per week. This
treatment corresponded to 20 000 rounds of goliypar.

Irrigation. In addition to light irrigation (5-7 mm) after téization, topdressing, and
application of ‘Thatch less™’, both trials recedvapproximately 7 mm of irrigation water at
10 mm water deficit as determined by an open eajoor pan.

Pesticides and growth regulators. Due to severe infestation dPythium spp. and
Microdochium nivale in the late autumn 2007, the trial at Landvik wpsayed with Amistar
Duo, 1.0 L h# (azoxystobin, 200 g a.i. Ha+ propconazole, 125 g a.i. Heon 17 Oct. 2007.

No other pesticides or plant growth regulators wesed in the trial.

Registrations and Statistical Data Analyses

Turfgrass Visual Quality and Winter Survival. Visual assessments of turf quality were started
on the 2-months old green plots and were conduuiteeekly for turfgrass overall impression

(scale from 1 = uneven and very poor turf, to &en and very good turf, acceptable level =

5) and monthly for shoot density (scale from 1 #yvéhin to 9 = very dense), color (scale
from 1 = very light to 9 = very dark), diseases @¥plot covered with diseased turf), moss
(% of plot covered with moss), and turf coveragedfflot covered with healthy uninjured

turf of the sown species). Assessments were ale@ayducted prior to mechanical treatments.
The last observations were accomplished in thengmf 2009 at Apelsvoll and in the spring
of 2010 at Landvik.



Playing quality at Landvik was recorded monthly and assessed &scsunardness and
ball roll distance. These observations were alwsgréormed prior to mechanical treatments
and one day after mowing. Surface hardness wasdedaas gravity units (G) using the
Clegg Soil Impact Tester (2.25 kg hammer, Lafaydtistrument Co., Lafayette, IN).
Readings were taken after each of two successovesiby the hammer from 0.46 m height at
two places per plot. Ball roll distance was detewdi using a stimpmeter modified for
research plots (Gaussoin et al., 1995). The stingminad its ball release notch 38 cm rather
than 76 cm from the bevelled end, and measuremarts always taken in two directions. At
Apelsvoll, playability was recorded only in lategsember and October 2008.

For each experimental year, data for visual obsemnws and playing quality were
pooled into four consecutive periods each contgirfirfé registrations: spring (March and
April), summer before mechanical treatments (fraryeMay until verticutting and spiking
started), summer after mechanical treatments ftibeptember), and fall (September and
October).

Thatch assessments. Mat depth and content of organic matter in the rager were
determined from 4 and 2 uncompressed soil cordsn(n in diameter), respectively, taken
from each plot in September at both sites. Forrdetation of organic matter content, foliage
above the mat layer and roots below it were removee weight of organic matter (ignition
loss) was determined as the difference between Isadrg weight (105 °C for 48 h) and
sample ash weight (550°C for 3 h). The content rgfanic matter in mat was calculated
individually for each core as: organic matter (%(sample ignition loss / sample dry weight)
x 100 %; the data were averaged for each plot praorvariance analyses. The net
accumulation of organic in the mat layer was caad as: organic matter (g9n= sample
ignition loss / surface area of taken soil core.

Water Infiltration Rates were measured each year in September-October asiogble
ring infiltrometer with an outer ring diameter &.8 cm and an inner ring diameter of 4.5 cm.
The infiltrometer was inserted 2 cm into the tutéathe soil had been saturated by irrigation
or natural rainfall. Water levels in the innergimere measured at two sites per plot after
three minutes of infiltration. The infiltration @tvas expressed as mm pr hour.

The data were analysed by the SAS procedure PROOWMN using statements
providing an analysis for a split-plot design sepelly for each year (SAS Institute, 2008).
Special analyses were performed to compare thedemh and organic matter percentage at
Landvik and Apelsvoll in 2008 (site effect) and tmmpare the mat depth and net
accumulation of organic matter in 2008 and 2009 atdvik (year effect). Site and year
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effects were tested individually against replicatested within either “site” or “year”. The
Fisher’'s least-significant-difference (LSD) was dider the testing of statistical hypothesis at

the 5% probability level.

RESULTS

Turfgrass Visual Quality, and Winter Survival

At Landvik, nitrogen and topdressing rates had the highestahgavelvet bentgrass visual
performance. Regardless of mechanical/biologiedtinents and topdressing levels, 150 kg
N hat yrt led to a significantly better overall impressi@tg. 1a) and significantly higher
shoot density (data not shown) than 75 kg Nt lyat throughout the entire experimental
period. Plots receiving 150 kg N har* were characterized by a rapid recovery aftefithe
disruptive mechanical treatments in the summer06f72and a quick green-up in spring. Plots
receiving 75 kg N ha yr* did not achieve acceptable overall impressiove{l&) until in the
summer of 2009.

The light topdressing led to a better overall inggren (Fig. 1a) and a higher shoot
density (data not shown) at the low nitrogen ratgnificant interaction) until the summer of
2008 and regardless of nitrogen rate from the sunoh2008 until the summer of 2009. A
reversion in response to topdressing amount oatunréghe summer of 2009. After that, the
heavy topdressing tended to provide better ovenghression (Fig. 1a) and shoot density
(data not shown) at both nitrogen rates.

A significant interaction between nitrogen and tesding rates was observed in
response to an outbreak of pink snow maWicfodochium nivale) in the spring of 2008.
Regardless of topdressing level, the area coveiddigeased turf only amounted to 7% on
plots receiving 150 kg N hayr? (Fig. 1b), but heavy topdressing led to morerni46 %)
than light topdressing (25 %) on plots receivingkgN hat yr.

Mechanical or biological treatments had no sigaificeffect on turfgrass visual quality

except at the beginning and end of the experimEig. (1c). The initial coring caused a

significant decrease turfgrass overall impressionthe late summer of 2007 (Fig. 1c).
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Figure 1. Overall impression and
percent of plot area covered with
healthy velvet bentgrass as affected by
nitrogen rate (75 vs. 150 kg N ha& yr™)
and topdressing level (7 vs. 14 mm D
yr 1) (aand b at Landvik, and d and e
at Apelsvoll), and overall impression as
affected by mechanical/biological
treatments: grooming (G), vertical
cutting (V), spiking (S), biological
thatch  control agent  ‘Thatch-
less™ (TL) (c at Landvik and f at
Apelsvoll). The growing seasons were
divided into four consecutive periods
with 2-6 registrations each: early
spring (March-April), summer before
mechanical treatments (MT) started
(on 24 June 2008 and 26 May 2009 at
Landvik and on 9 July 2008 at
Apelsvoll), summer after MT (from
start of MT till 1 September), and fall
(September-October). Notes for
statistical significance for graphs a, b,
d, e: * significant at 0.05 probability
level; ** significant at 0.01 probability
level, *** significant at 0.001
probability level; the lack of a note
when nonsignificant (for all graphs).
Vertical bars on graphs ¢ and f
represent LSD @=0.05).



In the fall of 2009, plots that received spiking@ahad a lower overall impression (Fig. 1c)
and shoot density (data not shown) than plots tdegived only grooming or grooming in
combination with vertical cutting. While there was insignificant tendency for vertical
cutting to improve the visual impression from ttadl f 2008 until the fall of 2009, this
treatment also led to a significant decrease irséime character in the spring of 2010.
Differences in turf color in response to experinaéfdctors first became obvious in the
summer of 2008 (data not shown). Plots that redeM&) kg N h& yrt were significantly
darker than plots that received 75 kg Ntha™. At the higher nitrogen rate there were no
differences in color between plots receiving 7 4mim topdressing per year. However, at the
low nitrogen rate, plots receiving light topdregsiwvere darker than plots receiving heavy
topdressing from the summer of 2008 until the sumofi€009. In the summer of 2009, the
effect of topdressing on color was completely reedr plots with heavy topdressing became
darker than plots with light topdressing underltve nitrogen rate (data not shown).
An undesirable infestation of mosBryum spp) was observed at Landvik in 2009 and 2010
(Fig. 2). Less competition from the turf and mooenpetition from the moss were indicated

at the low nitrogen rate, especially when topdresgias also low.
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Figure 2. Effects of nitrogen rate (75 vs. 150 kg Ra™ yr™) and topdressing level (7 vs. 14 mm D y#)
on moss development on velvet bentgrass’ plots aahdvik. The growing season 2009 was divided into
three periods: spring (March-April), summer (May-August), and fall (September-October). Notes for
statistical significance: * significant at 0.05 prdability level; ** significant at 0.01 probability level,

*** gignificant at 0.001 probability level; and without note when NS.

Apelsvall. Unlike topdressing, nitrogen fertilization had #@omsg effect on velvet
bentgrass overall impression, winter survival, amtbvery throughout the study (Fig. 1d-e).
On plots with low and high nitrogen rates, the wininjury caused by snow mold, frost
and/or ice resulted in 39 and 32% damage in thagf 2008, and 88% and 61 % damage
in the spring of 2009, respectively (Fig. 1e). Blibtat received 150 kg N Tigyr? achieved an
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acceptable overall impression in June of 2008 theitoverall impression on plots with 75 kg
N ha? yrt remained poor (scores from 3.6-4.1) from Jun®d¢tober 2008. In 2008, shoot
density was also significantly higher (mean scafew. 4.7) and turfgrass color significantly
darker (mean scores 5.9 vs. 4.1) on plots recei¥stykg N ha yr* than on plots receiving
75 kg N hat yr1 (data not shown).

Following the first mechanical treatment on 28 A@Q07, turfgrass overall impression at
Apelsvoll decreased from 6.0 to 4.3 and from 6.@.®on plots with high and low N rates,
respectively (Fig. 1d). In 2008 plots that receiggdoming in combination with vertical
cutting had higher overall impression than plotsttheceived grooming alone or in

combination with spiking (Fig. 1f).

Playability

At Landvik, the ball roll distance was overall 6-17% longarpbots receiving 75 compared
with 150 kg N ha yr* (Fig 3). The main effects of topdressing raten@chanical/biological

treatments on this character were not significant.
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Figure 3. Ball roll distance as affected by nitroge rate (75 vs. 150 kg N h& yr™) and topdressing
level (7 vs. 14 mm D yf?) at Landvik. The growing seasons were divided iotfour consecutive
periods with 2-6 registrations each: spring (MarchApril), summer before mechanical treatments
(MT) (from early May till MT started — on 24 June 2008 and 26 May 2009), summer after MT
(from start of MT till 1 September), and fall (Sepember-October). Notes for statistical significance:
* significant at 0.05 probability level; ** signifi cant at 0.01 probability level; *** significant at 0.001
probability level; and without note when NS.

Surface hardness was significantly affected byttake experimental factors, but the
interactions were not significant (Table 4). TheInitrogen rate enhanced surface hardness
by 8% in 2008 and by 16% in 2009 compared withiigh. The effect of topdressing was

less conspicuous, but in 2009, plots received 14topdressing were 4% harder than plots

received 7 mm. Among mechanical treatments, spikingpmbination with grooming led to
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the softest green surface, however, in summer ath@®09, the biological product ‘Thatch
less™’ increased hardness of plots also receivpilgrgy + grooming treatment.

At Apelsvoll the ball roll distance in the fall of 2008 wasr@ tonger on plots with the low N
rate (129 cm) than with high (121 cm) (data notvamo No other factors affected ball roll
distance significantly. Surface hardness was sgamtly affected by topdressing level,
mechanical treatments, and their interaction (Table Heavy topdressing increased the
surface hardness of plots that received spikingambination with grooming, but had no
effect on the hardness of plots that received gigranly or vertical cutting in combination

with grooming (Fig. 4).
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Figure 4. Effect of topdressing (D, 4.5 and 9 mm %) and mechanical
treatments (MT: G, grooming; V, vertical cutting; S, spiking) in
surface hardness (gravities) as measured using CkedSoil Impact
Tester in September 2008 at Apelsvall

Thatch assessments

Landvik - The content of organic matter in mat varied fror6%3.to 8.7% among the 16
treatment combinations of (data not shown). Thesgel$ remained stable from 2008 to 2009,
but mat depth increased by 65-98% (p<0.001) (TalléOn average for topdressing levels,
and mechanical/biological treatments, doubling férélizer rate from 75 to 150 kg N Ha
yrt increased mat thickness by 4.4 mm by the endd082nd 9.8 mm by the end of 2009.
The main effect of doubling the annual topdressiegel from 7 to 14 mm was less
pronounced with an increase in mat thickness oin21® by the end of 2008 and 6.9 mm by
the end of 2009. By the end of 2009, verticalingthad reduced mat depth by an average of
2.3 mm compared to plots with grooming only, buither this effect nor the effects of

spiking or ‘Thatch less™’ were significant.
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Table 4. Effects of nitrogen rates, topdressing l@ls and mechanical/biological treatments (MBT) onwgface hardness measured as gravities using a Clegg

Soil Impact Tester at Landvik and Apelsvoll.

Landvik Apelsvoll
Source of variation Level 2008 2009 2008
Summer Summer Fall Summer Summer Fall df Fall
before MBT after MBT before MBT after MBT
Gravities Gravities
N rate (N), 75 77 85 82 76 88 89 75
kg hat yrt 150 73 79 71 68 73 70 72
Topdressing (D), 7 (4.5t 75 81 75 70 79 79 72
mm yr? 14 (9) 75 83 78 74 81 81 75
Grooming (G) 75 85 80 72 81 81 78
l'\)/:gﬁ)gﬁlgga' / G+Vertical cutting 76 83 77 73 82 83 79
treatments (MBT) G+Spiking (S) 75 80 74 71 77 76 64
G+S+Thatch less™’ 75 82 76 71 80 79 -
LSDg s MBT - 2.7 35 - 1.9 25 4.4
ANOVA
N 1 NS * **k% * *% **k% 1 NS
D 1 NS NS * *% *% *% 1 *%
NxD 1 NS NS NS NS NS NS 1 NS
MBT 3 NS * * NS o o 2 o
N x MBT 3 NS NS NS NS NS NS 2 NS
D x MBT 3 NS NS NS NS NS NS 2 *
N x D x MBT 3 NS NS NS NS NS NS 2 NS

* Significant at 0.05 probability level.

** Significant at 0.01 probability level.

*** Sjgnificant at 0.001 probability level.

T Topdressing amount in brackets is concern of gyudl



Table 5. Thatch/mat characteristics measured as madlepth and percentage of organic matter (OM), andnfiltration rates as affected by

nitrogen rates, topdressing levels, and mechanichlblogical treatments at Landvik and Apelsvoll.

Landvik Apelsvoll
Mat OoM oM Mat OM oM
depth in mat per M Infiltration rate depth in mat per nf Infiltration rate
Source of variationLevel df 2008 20092008 2009 2008 2009 2009 df 2008
mm % g mm hit mm % g mm hi
N rate (N), 75 11.6 211 53 53 630 1129 34 10.8 6.4 548 27
kg hat yr? 150 160 30.9 65 6.4 854 1441 60 106 7.5 531 23
Topdressing (D), 7 (4.5)t 123 22571 7.1 769 1335 36 100 81 551 26
mm yr? 14 (9) 152 29.4 47 46 715 1235 58 114 57 529 25
Grooming (G) 141 27463 6.4 791 1451 39 108 7 555 13
Mechanical / . .
biological G+Vertical cutting 13.8 25.157 53 745 1201 27 10.8 6.9 560 17
treatments (MBT) G+Spiking (S) 136 25958 59 713 1222 59 105 6.9 503 46
G+S+Thatch less™’ 135 256 58 5.8 720 1265 62 - - - -
LSD s MBT - - - 054 - - 13.3 - - - 11.6
ANOVA
N 1 * * *x * * *x NS 1 NS * NS NS
D 1 Rk ek ke ke NS NS * 1 = ok NS NS
NxD 1 NS NS ** ** NS * NS 1 NS *x NS NS
MBT 3 NS NS NS * NS NS ok 2 NS NS NS *x
N x MBT 3 NS NS NS NS NS NS NS 2 NS NS NS NS
D x MBT 3 NS NS NS NS NS NS NS 2 NS NS NS NS
N x D x MBT 3 NS NS NS NS NS NS NS 2 NS NS NS NS

* Significant at 0.05 probability level.

** Significant at 0.01 probability level.

*** Sjgnificant at 0.001 probability level.

T Topdressing amount in brackets is concern of gymd.



Percentage of organic matter in the mat layer wgrgfeantly influenced by nitrogen
rate, topdressing level, and their interaction (&alb, 6). By the end of 2009, percentage of
organic matter increased by 1.9 units with an iaseein N rate from 75 to 150 kg har
under light topdressing, but was virtually unaféetby nitrogen rate under heavy topdressing.
By the same time, an increase in topdressing fraim ¥4 mm yr-1 led to a 3.4 percentage
points decrease in the content of mat organic matteplots receiving 150 kg N Hayr?® as
opposed to a mere 1.7 percentage points decreaptsnreceiving 75 kg N hayrt. The
main effect of mechanical and biological treatmeaspercentage of organic matter was not
significant in 2008, but by the end of 2009, thateot was 1.1 percentage points lower on

plots receiving vertical cutting plus grooming tham plots receiving grooming only (Table
5).

Table 6. Effect of nitrogen rate (N) and topdressig level (D) on the amount of organic matter (OM) irthe
mat layer.

Landvik Apelsvoll
OM in mat OM per h OM in mat
2008 2009 2009 2008
D, mm yrt — 7 14 7 14 7 14 4.5 9
% g m?———— %
N, kg hat yr? 75 6.2 4.4 6.2 4.5 1114 1143 7.2 55
150 8.1 5.0 8.1 4.7 1556 1326 9.0 6.0
LSDO.OS
N rates within D leve 064 095 1436 139
LSDO.OS
D levels within N rat 0.57 0.77 184.3 0.61

From 2008 to 2009, the accumulated dry weight ghoic matter in the mat layer per
unit area increased by an average of 7% 001; Table 5). The main effect of topdressing
level on this character was not significant. Howeusy the end of 2009, a significant
interaction between nitrogen rate and topdressengllrevealed, firstly, that the increase in
mat organic matter dry weight with nitrogen ratesviess dramatic under heavy topdressing
than under light topdressing; and secondly, thathidavy topdressing reduced organic matter
dry weight only at the high nitrogen rate (Table 6The main effect of mechanical or
biological treatments on mat organic matter drygheper unit area was not significant.

At Apelsvall, the average depth of the mat layer by the ertleofyrowing season 2008

was 10.7 mm vs. 13.8 mm at Landviik=0.006) and the average content of organic matter
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was 6.9 % vs. 5.9 % at Landvig=0.019). Percentage of organic matter in the madrlay

the end of 2008 was significantly affected by rgeo rate, topdressing level, and their
interaction (Table 5): Under light topdressingrgeatage of organic matter increased by 1.8
percentage points with a doubling of the nitrogate from 75 to 150 kg Rayr?, but under
heavy topdressing, the increase was nonsignifiCeatile 6). Correspondingly, an increase in
the topdressing level from 4.5 to 9 mm caused g8tBentage points decrease in the organic
matter content at 150 kg N hg/rt in contrast to a mere 1.7 points decrease ag7/s8 ka?

yr 1. There was no effect of mechanical treatmentpaynentage of organic matter in the mat
layer at Apelsvoll. Moreover, the total contentarfjanic matter in the mat layer was not
significantly affected by any of the experimentaktments at this continental site (Table 5).

Water Infiltration Rate

Compared with grooming alone, spiking in combimativith grooming enhanced the
infiltration rate by 51% at Landvik and 254% at Agw®ll. Addition of ‘Thatch less™’ to the
grooming plus spiking treatment caused no furtheregase at Landvik. As a main effect,
doubling the topdressing level significantly impealinfiltration by 61% at Landvik, but had
no effect at Apelsvoll. Fertilizer rate had no sigant effect on infiltration rate at any site.

DISCUSSION

Nitrogen and topdressing

Turfgrass visual quality and playability. Velvet bentgrass is considered to require less
nitrogen than creeping bentgrass (Brilman and Me@00; Torello, 2001). There are,
however, few studies comparing fertility programs @ther newly-established or mature
greens of velvet bentgrass. A 5 year study by Sko@l975) starting on a 3 year old green
with velvet bentgrass ‘Kingstown’ on a fine sanayarh in Rhode Island (N rate during
establishment is unknown) showed that 146 kg M y1/& led to better performance over time
than 244 and 342 kg N Hayr®. Thirty-two years later Boesch and Mitkowski (Z00
working at the same university, reported acceptalnfiequality from nitrogen rates varying
from 48 to 146 kg ha yr! on greens sodded with velvet bentgrass ‘SR 72B0topean
name ‘Avalon’) on a silt loam soil. However, themathors concluded that velvet bentgrass

required at least 196-243 kg N har™ during first two years following nine months of
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establishment from seeds on a sand root zone amhevitte 20-30 % (v/v)Sphagnum peat.
Recently, Koeritz and Stier (2009) suggested tleaitet bentgrass’s response to nitrogen rate
was cultivar specific. They indicated that a rgeo rate of 146 kg htayr? on a sand-based
root zone was sufficient for newly established ‘p@s, but not for ‘SR7200’ (Avalon’).

For grow-in of creeping bentgrass greens, WhiteD820ecommended a presowing
application of 50 kg N Hafollowed by inputs of 15 to 30 kg N Haevery five days, adding
up to 200-300 kg N Kaduring the first two months after sowing. To wheattent this
recommendation is relevant for velvet bentgragmignown, however, our experiments were
initiated two months after sowing on greens thad heceived only 100-134 kg N ha
including the presowing application. Although plaaver was almost 100% and the visual
quality acceptable at the start of experimentatiba,low turfgrass overall impression in the
fall of 2007 and the spring of 2008 was most likehused by the early start of mechanical
treatments at both sites. During 2008 and 2009grass overall impression gradually
increased, but just like ‘Vesper’ in the study bgedfitz and Stier (2009), ‘Legendary’ in our
study always performed better under the high thader the low nitrogen rate until the
summer of 2009, approximately two years after sgwihowever, as time went by, 150 kg N
ha* yr? led to excessive thatch formation and a redudtoturfgrass ball roll distance and
surface hardness. When combined with light topdngsshe high nitrogen rate also resulted
in the highest content of organic matter in the mager (8.1%). By comparison, the low
nitrogen rate of 75 kg hayr?! considerably delayed establishment and recoveryeaivet
bentgrass, but once the turf became mature abouty®ars after sowing, the rate was
sufficient to provide adequate turfgrass overalpiesssion. We therefore conclude that the
optimal nitrogen rate for newly established velbentgrass greens was closer to 150 than to
75 kg N hat yr1, but with respect to thatch formation and playiuglity, 75 kg N ha yr?,
gave the best result in the long run.

The negative effect of heavy topdressing on theatiguality of the immature green at
Landvik can be explained by the turf not being ableabsorb sufficient amounts of sand.
Incorporation of sand into the green surface carali®g hurdle in high density turfgrass
varieties (e.g. Kauffman et al. 2009; Pippin 201&and this problem may be even more
accentuated in velvet bentgrass, especially if regging is not combined with mechanical
treatments (Pease, 2009). Towards the end ofxgperienental period, the high topdressing
level not only improved surface hardness, but atswlted in darker turfgrass color, higher
shoot density, and better overall impression, eafijg¢cat the low nitrogen rate. Better

turfgrass quality with a high topdressing level veéso reflected by less infestation of moss.
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Besides the direct effect on turfgrass competitdity, the heavy topdressing probably
resulted in a dryer surface due to less organidemat the mat layer, and this probably
reduced the competitive ability of the moss. Iwisll documented that moss infestation will
be most pronounced under wet conditions and aféotNizer inputs (e.g. Brauen et al., 1986;
Hummel, 1994; Cook et al., 2002). Borst et al.0@0also found topdressing to be helpful in
providing long-term moss control on putting greens.

Winter survival. The fact that less pink snow mold was observeglots with 150 kg N
hat yrt than with 75 kg N ha yr? at Landvik does not contradict the opinion thabvg
mold development on turfgrass is enhanced by ek@ergrogen application in fall (Smith et
al., 1989). Neither in 2008 nor in 2009 was outhbkig} nitrogen rate excessive for immature
turf, and nitrogen inputs in the fall were adjusted ensure good acclimation. Within
reasonable limits, there is substantial evideneg iticreasing fertilizer inputs will improve
turfgrass winter survival and spring growth rathi®an suppress it (e.g. Carow et al., 2001,
Lloyd, 2009).

The less clear-cut effects of nitrogen, topdressind their combination on winter
survival at Apelsvoll than at Landvik during thentgr of 2007-08, was probably due to
differences in turf stand prior to winter, weatlenditions, and injury pattern. At Landvik
visible symptoms of pink snow mold only developedlidg a few days of snow cover after a
sudden snow fall in late March. At Apelsvoll, sevamjury on all plots was caused by nearly
four months of ice cover, and the winter damage wamarily abiotic. Moreover, the
combination of a short growing season and mechhtrieatments as late as 28 Aug. 2007
probably left the turf with limited time to recovemnd acclimate before the winter at
Apelsvoll. Although velvet bentgrass at Apelsvwaths set severely back during the winter
2007-08 and mostly died due to submersion in nglimter during the winter 2008-09, a
parallel variety evaluation trial on the same ekpental green confirmed our previous
findings (Molteberg et al., 2008) that winter swaliof velvet bentgrass is mostly better than
of creeping bentgrass under Nordic conditions (Budtg et al., 2010).

Thatch. Based on rootzone physical properties (macropiyrosind hydraulic
conductivity), McCoy (1992) and Murphy et al. (B® considered that critical values for
organic matter content in rootzone were 3.5 % aBd4, respectively. The limit is also used
for the mat layer (Carrow, 2004). Compared withwa tear old creeping bentgrass green,
which showed equally low content of organic mattemat either undressed (1.38 %) or
topdressed (1.30 %) (McCarty et al., 2005), thegaage of organic matter in our velvet
bentgrass mats were relatively high (3.6-8.7 %®aly by the end of the first experimental
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year. One percentage point higher organic mattatectd in the mat at Apelsvoll than at
Landvik could be due to a colder summer with lesgrddation of organic matter, but the
main reason for the thinner layer with more orgamatter was probably less frequent
topdressing at the former site.

The fact that percentage of organic matter in tla layer increased with increasing
nitrogen rate under light topdressing, but remaiogdunder heavy topdressing suggests that
topdressing contributed not only to thatch dilutibat also to thatch degradation. This is in
line with microscopic observations showing moret¢hadegradation in samples from old
velvet bentgrass sod receiving regular soil toings compared with sod that had not
received topdressing for nearly 20 years (Ledebamndr Skogley 1967). Skogley (1975) also
found that an increase in annual fertilizer ratarfr146 to 342 kg N hadid not influence
percentage organic matter in mat samples from gimt ¢ear old velvet bentgrass green. At
the same time, there are numerous reports showigrgdsing nitrogen rates to exacerbate
thatch problems in various turfgrass species (édgnhold et al. 1973; Potter et al. 1985;
Davis and Dernoeden 2002). Our data suggest tleateason for these contradictory results
might be that topdressing rates were sufficientptovide optimal conditions for thatch
degradation in the studies by Skogley (Ledborer@kabley, 1967; Skogley, 1975) but not in
other studies. Provided that the oxygen concentrati the mat is adequate, more nitrogen
will not only stimulate turfgrass growth but alsdcnobial degradation of organic matter
through amplification of soil microbial communiti€Blagodatskaya and Kuzyakov, 2008)
and/or a lower C:N ratio (Berndt et al., 1992; Hesen and Breland, 1999; Roudsari et al.,
2008;). This effect has sometimes been referreédstahe added nitrogen interaction”
(Jenkinson et al., 1985) or thpasitive priming effect” (Kuzyakov et al., 2000).

Mechanical and biological thatch control

Probably due to the initially low content of thaitwh the newly established green, the effect of
mechanical treatments on thatch formation in theé lmger did not become significant until
the end of 2008. At this point, percentage of orgamatter in the mat layer on plots receiving
grooming plus vertical cutting was significantlyder than on plots receiving grooming only,
with plots receiving grooming and spiking, withwithout ‘Thatch less™’, in an intermediate
position. Earlier studies also showed a negligdffect of vertical cutting on greens that were
either young (McCarty et al., 2005; Barton et 2009) or had an initial content of organic

matter in mat layer lower than 3.5% (McCarty et 2007). In contrast, vertical cutting twice
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per year significantly reduced organic matter int fmam 15.3% to 14.1% even without
topdressing on a bermudagrass home lawn (Carrav, €t987). The fact that vertical cutting
resulted in the lowest content of organic mattehamat layer at Landvik is not surprising as
this was only treatment where organic matter veasadly removed from the green. No effect
of mechanical treatments on percentage of orgamittemin the mat layer after one year at
Apelsvoll can probably be explained by the low nemdf treatments compared to Landvik.

The first coring at Landvik and spiking at Apeldvetas more disruptive than
beneficial. This was probably due to the low sigbi{Carrow et al., 2001), softening and
scalping of the immature turf (McCarty et al., 2)C&nd/or the low recuperative capacity of
velvet bentgrass (Boesch et al.,, 2007). In contmstification improved turf quality on a
three to six year old creeping bentgrass green gMuet al., 1993a), reduced scalping with
no effect on turf quality on a mature bermudagmasen (White and Dickens, 1984), and had
beneficial effect on spring green-up of a bermudsg homelawn (Carrow et al., 1987).

The reason why grooming plus vertical cutting restiiin better winter survival that the
other mechanical treatments at Apelsvoll was priybtiat this treatment provided a smooth
surface with better mowing quality and less riskdcalping before the winter than grooming
only or grooming plus spiking. On the other haima, $lightly reduced quality in the spring of
2010 on plots that had been verticut the previ@aasaen can be explained by slow recovery
after the treatment being conducted as late asW®f) 2009 due to growth cessation and the
unusually low temperatures in October 2009. Inn8Soeavia, it is commonly observed that
velvet bentgrass has a more rapid growth cessetithe fall than other turfgrass species.

Although spiking resulted in softer green surfatejgnificantly improved infiltration
rate. A similar effect, but of coring, was reported McCarty et al. (2005). Conversely,
Murphy et al. (1993a) found no differences in fiefdiltration rates on mature creeping
bentgrass green exposed to spiking or coring, cozdpaith an untreated control .

In the summer and fall of 2010, the 4 % increaséhandness by ‘Thatch less™’
applications on plots receiving spiking in combioatwith grooming was probably due to
enhanced thatch degradation. However, as we olisareesignificant difference in the
organic matter content between the correspondiegtrirents, it might be speculated that
surface hardness is a more sensitive charactexctiefy) thatch degradation than is organic
content per se. One explanation may be that cedunzymes derived froffricoderma
reeseii in ‘Thatch less™’ stimulated degradation of softdaextensible microfibrils of
cellulose, but had little or no effect on the delgtaon of lignin (Sidhu et al., 2010) which

probably contributes more to surface hardness. vtgGd al. (2005) found that application
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two times per year of a biological thatch contrabduct, which contained selected
microorganisms, bioactive ingredients and someientts, did not reduce thatch on a newly

seeded creeping bentgrass green.

CONCLUSION

This research has confirmed our hypothesis that emadel nitrogen inputs and heavy
topdressing rates are key elements in maintenanoe\et bentgrass golf greens. Apart from
the presowing application, an optimal N rate ofeatst 150 kg N Hacan be conjectured
during the first year after sowing once grow-indsmpleted; the nitrogen rate can be
gradually reduced for mature turf. Once the grieesstablished, topdressing rates should be
maintained at a level of 10-14 mm per year to kepch formation within acceptable level.
Weekly grooming, monthly verticutting, and spikinghce or twice per year can be

recommended as standard maintenance program fatuaenwelvet bentgrass green.
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ABSTRACT

The use of velvet bentgrasé&gfostis canina L.) on golf greens is limited by sparse
knowledge on optimal maintenance. The objectivethisfstudy were to clarify the effects of
rootzone composition (SS; straight sand, or GM;dsamended with 20% v/v garden
compost) and irrigation regime (LF; light and fregty or DI; deep and infrequent) on
turfgrass visual quality, playability, thatch fortiwa, root development, and nutrient
leaching. A project was conducted from August 28@7October 2009 on a USGA green
seeded in June 2007 with velvet bentgrass ‘Legghddra coastal location in Norway
(Landvik, 58°N). Better turf performance on GM tham SS was associated with 88% lower
nitrogen loss in the form of nitrate/nitrite durittte first year after sowing, less injury caused
by Microdochium nivale and quicker recovery during both spring periods] &ss water
repellency at most investigated depths. Compardd ligiht and frequent irrigation, deep and
infrequent irrigation resulted in better overall prassion, lower drainage volumes, and
improved root development in the 10- to 20-cm koykr in the second year after sowing. A
decrease in turf visual quality on SS receivingptignd frequent irrigation in the second year
was associated with strong water repellency imtlaé layer and low infiltration rate. Neither
thickness nor content of organic matter in the tagér were significantly affected by the
treatments. A 20% higher surface hardness on S&Mspersisted only during the first year

of the study.

Abbreviations: DI, deep and infrequent; GM, orgaameendment ‘Green Mix’; LF, light and
frequent; SS, straight sand.
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INTRODUCTION

Due to water, fertilizer and pesticide restrictionisere is increasing interest for velvet
bentgrass Agrostis canina L.) as an ideal species for integrated pest manage of golf
greens in USA, Canada, and Europe. Velvet bentgradsrms better at low nitrogen rates
(Skogley, 1976, Espevig et al. 2009), is more tasisto dollar spot lerotinia
homoeocarpa) and brown patchRhizoctonia spp.) (Brilman and Meyer, 2000), needs less
irrigation water (DaCosta and Huang, 2006a, 20@6ia) exhibits lower leaching of nitrates
(Paré et al., 2006) than other bentgrass speds.VEry fine-textured turfgrass is also more
tolerant to shade (Reid, 1933) and wear stressgMuet al., 2009), and it competes better
against annual bluegrad®of annua L.) (Samaranayake et al., 2009) than creeping basgg
(Agrostis stolonifera L.).

Despite these advantages, the use of velvet bastgra golf greens is limited by few
experimental data on optimal maintenance of thifgtass species. A special concern is
thatch control.Thatch is defined as "an intermingled organic layer e&d and living shoots,
stems, and roots of grasses that develops betweenrf canopy of green vegetation and the
soil surface”, whilemat is used for the layer which is formed when thascmtermixed with
sand in the case of topdressing (Beard, 2002). Antbe problems caused by excessive
thatch on golf greens are reduced water infiltratemd increased risk for disease injury,
scalping, dry spots, and poor playing quality (dmd2008). We previously showed that the
combination of a low N input and heavy topdressigulted in acceptable visual turf quality
and less than 5% organic matter in the mat of adéyvelvet bentgrass green (Espevig et al,
2009). However, effects of rootzone compositiod angation management in relation to
thatch control on velvet bentgrass golf greens mtdeen investigated before.

Globally there is focus on water conservation, amech work has been devoted to
effects of reduced irrigation on turf quality anldm health (Qian and Fry, 1996; DaCosta
and Huang, 2006a,b; McCann, 2008). Deeper roosng esult of infrequent irrigation was
shown to enhance turfgrass survival during dryqakri(Qian and Fry, 1996; Jordan et al.,
2003; Fu and Dernoeden, 2009b). Irrigation infllemnteaching and runoff of nutrients and
pesticides from golf greens (Mancino and Troll, @9Brauen and Stahnke, 1995; Starrett et
al., 1995, 2000; Barton et al., 2006). Many studieswed that infrequent irrigation may lead
to development of soil water repellency causingédired flow and leaching from sandy soils
(Bauters et al., 1998; Nektarios et al., 1999; bharst al., 2008). Therefore, in spite of a

mostly lower soil water content, deep and infrequgigation is often considered to cause
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more drainage and nutrient leaching than light &eduent irrigation (Kenna and Snow,
2000; Barton and Colmer, 2006). This situation mlagywever, be different in a coastal
climate where natural rainfall often results in ®aturation and thus drainage from the
turfgrass rootzone.

The most widely used guidelines for putting greenstruction developed by United
States Golf Association (USGA) does not requireanig amendments to the sand-based
rootzone (USGA Green Section Stuff, 2004). Soméamst therefore advocate the use of
straight sand (SS) root zones as they believestdrad will be amended with organic matter
over time (Hurdzan, 2004). Research, however, stibatsthis happens essentially at the 5-
cm upper layer (Liu, 2004; Murphy, 2007). The lowater holding capacity and poor nutrient
retention of SS rootzones may lead to high leachasges, especially on young greens
(Brauen and Stahnke, 1995; Aamlid, 2005). Composttter organic amendments contribute
to less drainage and improved quality of sand-basetzones (Petrovic, 1995; Engelsjord
and Singh, 1997; Bigelow et al., 2000; Murphy et 2004; Wu et al, 2007; Aamlid et al.,
2005). It has been proved that amendment with cemmpareases microbial numbers in
sand-based root zones (Aamlid et al. 2009). Howeherstudies regarding the specific effect
of compost on thatch formation are limited (Liu02.

The objective of this study was to clarify the effe of rootzone composition and
irrigation regime on turfgrass visual quality, phdylity, root development, thatch formation,
and nutrient leaching from velvet bentgrass godegr Our hypotheses were: 1) Velvet
bentgrass greens can be maintained at higher tatity levels, with less thatch formation,
and with longer irrigation intervals if compostmeluded in the rootzone; and 2) In temperate
coastal climates with high annual precipitationegl@nd infrequent, as opposed to light and
frequent irrigation, will provide better turfgraspuality, deeper root development, and

reduced leaching losses on velvet bentgrass greens.

MATERIALS AND METHODS

Site and Weather Conditions

The experiment was conducted from 21 Aug. 2007 @ctL 2009 on a USGA green (USGA
Green Section Staff, 2004) containing 1 m x 2 nmktas steel lysimeters, earlier described
by Aamlid et al. (2009), at Bioforsk @st Landvikopiway (58° 9N; 8° 30 E, 5 m a s.l.). The



surface area of each plot including lysimeter andnlary area was 64min the spring of
2007, the sod from all plots was removed and replawith a new 4 cm top layer with
slightly finer texture but the same type and amaafnbrganic matter as in the initial root
zone. The green was seeded with velvet bentgrasgefidary’ at a rate of 6 g7on 8 June
2007 and observations and irrigation treatmentsestaonce plant coverage was close to 100
% in late August.

Being located on the Norwegian south coast, theex@ntal site has a moderate
climate with fairly mild winters and relatively Higannual precipitation. Twenty-three and
70 days of snow cover were registered during threess 2007-08 and 2008-09, respectively.
The mean monthly temperature, monthly precipitateamd monthly evaporation (Thorsrud
2500 evaporartion pan; Riley and Berentsen, 20@9) the grow-in period and the
experimental period are shown in Table 1. In 200F 2008, the total precipitation for June-
August were, in turn, 178 mm and 169 mm higher tf@n30 yr normal value. The highest
evaporation values were recorded in June 2008 A8 87 mm and 89 mm respectively).
In 2009 a mobile rainout shelter was constructbds tame into operation on 1 July, but
unfortunately malfunctioned during a heavy rainfail 18 and 19 July. From 20 July 2009
the rainout shelter worked well for the rest of éx@eriment. Apart from the period covered
by the rainout shelter, the longest continuousggewithout rainfall was from 2 May till 13
June 2008.

Treatments and Experimental Design

The experimental treatments were arranged in a letetp randomized block design with
three blocks. Each block contained four lysimetetsprepresenting the four combinations of
rootzone and irrigation regime. Theotzones were either straight sand (SS) or SS amended
with 20% v/v garden compost (GM, ‘Green Mix’, H#s$, Grimstad, Norway).

Chemical analyses in March 2008 and October 200fated higher pH and higher content
of plant available P, K, Mg and Ca in the GM thanSS rootzone (Table 2). Soil physical
data from undisturbed soil cores taken at 13-5015@187 mm depth in October 2007 are
given in Table 3. Assuming a root depth of 20 dne, field capacity was estimated to 25.7
mm on the SS rootzone and 41.9 mm on the GM roetzorigation treatments were either
light & frequent (LF) or deep & infrequent (DI). bthe LF regime, plots were irrigated back
to field capacity once water deficit exceeded 5 (@5 % depletion of field capacity) in SS
plots and 10 mm (23.9 % depletion of field capgadiyGM plots.



Table 1. Mean monthly air temperature, monthly predpitation and monthly (only for the irrigation peri od) pan evaporation at Landvik during the grow-in period
(8 June — 21 Aug. 2007) and experimental period (Aug. 2007 — 1 Oct. 2009) compared with 30-yr nornhaalues.

Air temperature Total precipitation Total pan evagtion

Month 2007 2008 2009 Normalt 2007 2008 2009 Normalt 2007 2008 2009 Normalt
°C mm mm

January - 2.8 0.5 -1.6 - 358 178 113 - - -
February - 4.3 -2.2 -1.9 - 82 65 73 - - -
March - 2.3 2.7 1 - 184 116 85 - - -
April - 6 7.9 51 - 91 28 58 - - -
May - 11.9 11.3 10.4 - 25 70 82 - 69 48 65
June 15.9 14.7 14.8 14.7 109 75 59 71 - 87 89 84
July 15.5 17.3 16.8 16.2 213 129 558 92 - 75 73 88
August 16.2 15.6 15.9 15.4 132 241 Rain out shelter 113 28 68 54 70
September 12 11.6 13 11.8 59 129 Rain out shelter 136 50 31 8 3 40
October 7.7 7.9 - 7.9 53 153 - 162 - - -
November 3.6 3.7 - 3.2 69 123 - 143 - - -
December 0.9 0.6 - 0.2 155 80 - 102 - - -
Year 8.2 6.9 1670 1230

t Reference period 1961-1990.
T Reference period 1968-2007.
§ Rainfall on 18-19 July due to malfunctioning bétrainout shelter. The total precipitation in Juls 244 mm



Table 2. Chemical analyses of soil samples takenliharch 2008 and in October 2009.

Treatment pH P-AL K-AL Mg-AL Ca-AL

mg per 100 g dry soi-----m-nnm---
2008

SS 6.5 1.0 1.0 1.0 55

GM 7.2 2.5 2.3 3.3 40.8

p 0.006 0.014 0.015 0.003 0.004
2009

SS 6.0 1.2 4.2 2.8 15.5

GM 6.6 4.2 5.0 5.0 59.0

p 0.002 <0.001 0.455 <0.001 <0.001

T SS, straight sand; GM, ‘Green Mix’; LF, lightdafrequent irrigation; DI, deep and infrequentgation.

The corresponding thresholds for DI irrigation wéfemm (39.0 % depletion of field
capacity) and 20 mm (47.8 % depletion of field «afya, respectively. Accumulated water
deficits for each of the four treatments were daled five days per week using daily rainfall
and values from the evaporation pan. Each yeasdhavater status prior to the initiation of
irrigation treatments corresponded to field capacihdividual plots were irrigated very
precisely using a wagon with drip nozzles at 20xc20 cm distance, the ordinary sprinker
system only being used for application of 3 mm waiehe whole experiment after fertilizer
inputs every second week. Irrigation treatmentsvearried out from 21 Aug. to 1 Oct. 2007
and from 1 May to 1 Oct. 2008 and 2009. Until taaout shelter was installed on 1 July
20009, the trial was open for natural precipitation.

Daily rainfall and evaporation, irrigation amoungsjl water deficits, and soil moisture
values are illustrated in Fig.1, while seasonal benof irrigations and irrigation amounts are

summarized in Table 4.

Plots’ Maintanance

During the period from 21 Aug. to 1 Oct. 2007, @tits recieved 45, 7, and 44 kg'ha
of N, P, and K, respectively. To equalize growimgditions on the two different rootzones,
NPK inputs on SS plots were higher than on GM pilw&008 and 2009. The total input of



Table 3. Physical characteristics of soil cores frn the SS and GM root zones at two soil depths, saheg on 15 Oct. 2007.

Capillary porosity,

Plant-available water

Total Air-filled Unavailable water, pF 1.5- pF 3.0- Field capacity, 0-20  Soil Ignition Hydraulic
Rootzonet Depth porosity porosity pF>4.2 3.0 4.2 Total cmi density loss conductivity
mm % (vIV) mm g cm? % mm ht
ss 13-50 37.4 b8 179b 0.6b 174 a 15b 189a 24.8b 1.58 a 0.60b 226
150-187 36.4b 252 a 0.4b 9.4b 14b 108hb ' 1.56 a 0.48Db 237
13-50 42.7 a 18.1b 33a 15.0a 6.2a 213a 1.44b 244 a 200
GM 418a
150-187 44.0a 20.8b 24a 151a 57a 208a 1.39b 184 a 220

+H —+

SS, straight sand; GM, ‘Green Mix'.
The calculation of field capacity was based anftitt that the 4 cm top layer had been replacéumew sand of finer texture. The given depthsaspond to the depths

of TDR probes used to measure soil water content.
Mean values followed by the same letter in theesaolumn are not significantly different basedrisher protected LSD tesi£0.05).

Table 4. Seasonal number of irrigations and total ater use in various treatments.
Figures include irrigation of the whole experimentafter fertilizer application every
second week. Treatments’ abbreviations: SS, straiglsand; GM, ‘Green Mix’; LF,
light and frequent irrigation; DI, deep and infrequent irrigation.

Number of irrigations Total irrigation water
SS+DI SS+DI
Month SS+LF GM+LF GM+Dl SS+LF GM+LF GM+ DI
mm
Total 2007t 10 5 2 50 45 25
Total 2008% 45 23 16 239 184 174
Total 2009+ 49 29 18 227 213 173

T 21 Aug — 1 Oct.
1 May -1 Oct.
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Figure 1. Daily soil water deficit as calculated fom the difference between rainfall and pan evapor&in
in 2008 and from 1 May to 20 July 2009, and from paevaporation after 20 July 2009 (rain out shelter
installed). The plots were irrigated to field capaity each time the calculated soil water deficit exeeded 5
mm, 10 mm and 20 mm in the treatments SS+LF, SS+[& SS+LF and GM+DI, respectively. Volumetric
soil moisture content in the 0-20 cm rootzone showwith circles and was measured with a time-domain
reflectometer (TDR) prior to irrigation of at least one of the four treatments. SS = Straight sand; GM =
‘Green Mix’; LF = Light and frequent irrigation; DI = Deep and infrequent irrigation.



N, P, and K on GM plots in 2008 (15 Apr. - 1 Noahounted to 131, 14, and 117 kg'ha
and in 2009 to 108, 20, 138 kg haespectively. The corresponding amounts of NPK 8n S
plots were 192, 28, and 185 kg “hain 2008 and 130, 30, and 206 kg“ha 20009.
Fertilization interval was always two weeks. Exckp four applications of liquid fertilizer
Arena® Crystal (Yara International ASA, Norway)thre fall of 2008, fertilizers were mostly
given as inorganic granular Arena® products. Dubigh pH (Table 2) ammonium sulfate
21-0-0 (Yara International ASA, Norway) or AndersbB-2-13 (Andersons Lawn Fertilizer
Division Inc., Maumee, OH) was also included in fedilization plan on GM plots. The
green was mowed using a John Deere 220A walk-bahimger (Moline, IL) three times a
week at 3 mm except for the periods April-June Sagtember-October when mowing height
was raised to 3.5-4.5 mm. Starting in July 2008, gneen was groomed with a groomer
attached to the mower once a week and brushed &vigeek. In 2008 and 2009, monthly
vertical cutting was performed to 2 mm depth usingAztec verticutter pod mounted on an
Aztec drive unit (Allett mowers LTD, Arbroath, Stand). On 12 June 2008 the green was
aerated with a John Deere Aerator 800 using 8 mit spikes to 8 cm depth. At the end of
each season, the green was core-aerated usinglitow tines to 8 cm depth. From May to
October 2008 and 2009, the green was exposedificiaktwear from a friction drum with
golf spikes corresponing to 20000 rounds of golf year. As a result of topdressing every
one to two weeks, the green received 4 mm and frsand (no organic matter; grain size
0.2-0.8 mm; Baskarp, Sweden) in 2008 and 2009endisely.

Registrations and Statistical Data Analyses

Visual assessments were conducted from 26 Aug. to 30 Oct. 2007 andfd5 March to 15
Oct. 2008 and 2009. The assessments were condaaeglsecond week for turfgrass overall
impression (scale from 1=uneven and very bad torf 9=even and very good turf;
acceptability level = 5) and monthly for tiller dety (scale from 1=very thin to 9 =very
dense), colour (scale from 1=very light to 9=vesyld, diseases (% of plot covered with
diseased turf) and turf coverage (% of plot covevél undiseased turf of the sown species).
Playing quality was recorded monthly and assessed as surfaceelsardnd ball roll
distance. Surface hardness was measured from 23uAfr 16 Sept. 2008 and from 30 Apr.
until 16 Oct. 2009 using a Clegg Soil Impact Tegtaafayette Instrument Co., Lafayette,
IN). Readings were taken after each of two suceedsiows by the 2.25-kg hammer from

0.46-m height at two places per plot. Ball rolltdisce was determined from 22 July until 15



Oct. 2008 and from 29 Apr. until 16 Oct. 2009 usengtimpmeter modified for research plots
(Gaussoin et al., 1995). Measurements were alwagduced the day after mowing. The
stimpmeter had its ball release notch 38 cm ratinen 76 cm from the bevelled end, and
measurements were always taken in two directions.

For visual assessments and playing quality, daim feach experimental year were
pooled into three consecutive periods with 2-5 ggtions each: spring (March-May),
summer (June-August), and fall (September-October).

Soil moisture was measured on all plots (three measurementsplogyr prior to
irrigation of at least one of four treatments usingortable time-domain reflectometer (TDR)
‘HydroSence™’ (Campbell Scientific, Ltd., ThuringawAustralia) with 20 cm long probes
except in September 2009 due to mechanical ruptfuvae probe.

Thatch/mat assessments. Thatch/mat depth was determined from four coresrtdkom
each plot in September 2008 and 2009. Two of the f&amples were also used for
determination of organic matter content. The faiadpove the mat layer and roots below it
were removed. The organic matter content was ctedlindividually for each core as:
Organic matter (%) = (sample ignition loss / sangig weight) x 100 %. Sample ignition
loss was determined as the difference between sadrgl weight (105 °C for 48 h) and
sample ash weight (550°C for 3 h). The data weszagged for each plot prior to analyses of
variance.

Root assessments. On 13 June (by the end of the six week droughtopg¢rand 8 Sep.
2008 and 10 Oct. 2009, a soil core was taken fraah @lot using a root auger, 30 cm long
and 5 cm in diameter. The cores were separatedhetéollowing layers: 0-6 cm, 6-10 cm,
and 10-20 cm. The depths were measured from tles gnerface, and the mat layer removed
from the upper samples. Roots from each layer washed free from soil and dried for 48 h
at 105 °C. Root densities were calculated by dingdiveight of dry roots by the volume of
the sample taken at a certain rootzone depth.

Water infiltration rates were measured on 12 June 2008 and 12 Oct. 200 atites
per plot using a double ring infiltrometer with anter ring diameter of 12.8 cm and an inner
ring diameter of 4.5 cm. The infiltrometer was iied 2 cm into the turf after the rootzone
had been saturated. Water levels in the inner wege measured after three minutes of
infiltration. The infiltration rate was expressexiram per hour.

Potential soil water repellency was determined on 13 June 2008 and 20 Sept. 2009
using the water drop penetration time (WDPT) tBstkker et al., 2001). One soil sample (11
x 12 x 2 cm) was taken from each plot with a spsatapler. After 48 h of air drying in the
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laboratory, three drops of water were placed atcéhSdepth (in mat), just under the mat (at
1-cm depth in 2008 and 2-cm depth in 2009), angab- and 10-cm depth from the green
surface, and the times until drops had pentrate@ weeasured. The following classification
was used for interpretation of results: Wettablet (vater repellent) if WDPT<5s, slightly
water repellent if 53WDPT<60s, strongly water repellent if B8§TPT<600 s, and severely
water repellent if 60G3VDPT (Dekker et al., 2001).

Leaching water from the lysimeters was collected monthly durirge tfollowing
periods: August-September 2007, May-September 2808, May-June 2009. Leaching in
May and June 2008 were pooled due to little raingdmples were analysed individually for
nitrate/nitrite (standard EN ISO 13395) and totglshhndard EN 1SO 13395), P (standard EN
ISO 15681-2), and K (standard NS EN ISO 11885) entrations at AnalyCen laboratory
(Norway). The total nutrient leakage was calculdb@ged on monthly concentrations and
amount of leachate.

The data were analyzed by the SAS procedure PROOWN using statements
providing one-way analysis for a block design (SKStitute, 1990). In the case of water
drop penetration times, ANOVA was performed on datasformed to In(y+1) due to
deviation from normal distribution. The Fisher'ofacted least-significant-difference (LSD)
at the 5% probability level was used to identifyrsficant differences among treatments.

RESULTS

Turf overall impression, color, shoot density, andliseases

Regardless of irrigation treatment, velvet bentgrasoduced significantly better overall
impression (Fig. 2a and 3) and higher shoot deiiBity. 2b) on GM plots than on SS plots in
the spring of 2008 and 2009. A similar tendengy (0.08) was observed the fall of 2007.
The effect of rootzone composition on turf qualigis less conspicuous during the summer
and fall of 2008. Light and frequent irrigation dueed slightly, although not significantly,
better overall impression than DI irrigation on lbebotzones in 2008. Starting in the spring
of 2009, DI irrigation produced better overall irapsion and higher shoot density than LF
irrigation on the SS rootzone, and this effect beedighly significant by the end of the
experiment. Color was improved during the firstryatier sowing from a score of 5.2 in the

fall of 2007 to 6.2 in the fall of 2008. There weno differences in color among the
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treatments except for the higher score (6.4) obSiBrigated plots in the summer of 2008.
In 2009, the color trends for the treatments werelar to those for overall impression (data

not shown).
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Figure 2. Effects of rootzone composition and irrigtion regimes on visual
quality of velvet bentgrass green in 2007, 2008, dr2009. Vertical bars are
LSD values indicating significant differences betwen treatments at 5 %
probability level. SS = Straight sand; GM = ‘Green Mix’; LF = Light ad
frequent irrigation; DI = Deep and infrequent irrigition

A severe snow mold attack, causedNdigrodochium nivale, was observed on the SS
rootzone in the spring of 2008 (Fig. 2c¢). On tlaitzone, light and frequent irrigation led to
30% less injury than DI irrigation. The area covkeby diseased turf was lower (14%) and
did not depend on irrigation treatments on GM plbighe spring of 2009, snow mold attack
was much lower than in 2008, but again GM plots lead injury (<1%) than SS plots (3%);

no significant effect of irrigation treatment coudd detected in this case. In September 2009,
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DI irrigation reduced a sudden outbreakhdf nivale compared with LF irrigation on both

rootzones. For LF and Dl irrigation the affectedeawas 14 vs. 5 % on the SS rootzone and

8 vs. 4% on the GM rootzone (data not shown).
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Figure 3. Effects of rootzone composition and irrigtion regime on performance of velvet bentgrass
during 2008 and 2009. The green was seeded in Jud@07. Arrows show irregular patches on GM

appeared first in August 2009.SS = Straight sand; GM = ‘Green Mix’; LF = Light ad frequent

irrigation; DI = Deep and infrequent irrigation.

In August 2009, irregular patches with enhancedshmowth were observed on some

GM plots independent of irrigation treatments (Rg.arrows). Inspection of the mat layer

indicated that the dark-colored thatch, most likeggin, had been degraded, and microscopic

observation suggested that it could be caused Wyngi belonging to Basidiomycota,

probably white-rot fungi contained in the compdatdmela et al., 2000).

Playing quality

Ball roll distance increased during summer and fall2008 and 2009, but was never

significantly affected by treatments (Fig. 4a). iAdicated by the first blow with the Clegg
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hammer, playing surfaces were on average 20% hard8sS plots than on GM plots in 2008
(Fig. 4b). This difference became even more conspis in the second blow at the same
position (Fig. 4c). From April to October 2009, fdilences between the two rootzones were

significant in the second blow only.

a
140
g 120
= 100
80 1 1 1 1 1
b
120 - T I I
5
2 100
2z
=2 _
% 0 -
S5 7 ===
z 60
40 1 1 1 1 1
o120 -] I | T I [ |¢©
z
= 100 - < =
= 4 ’l Y
3 ;D s0 M
E 60 -
- — S SHLF == =S S*DI
e GM*LF - =« GMN*DI
40
spring [summer| fall spring [summer| fall
2008 2009

Figure 4. Effects of rootzone composition and irrigtion regimes on playing quality of
velvet bentgrass green in 2007, 2008, and 2009. Yfeal bars are LSD values indicating
significant differences between treatments at 5 % nobability level. SS = Straight sand; GM
= '‘Green Mix’; LF = Light and frequent irrigation; DI = Deep and infrequent irrigation.

Soil Moisture

Volumetric soil water content measured by TDR wasegally lower on DI-irrigated plots
than on LF-irrigated plots (Fig. 1), but differesogere significant only for the GM rootzone.
On average for measurements just before irrigagiants in 2008 and 2009, soil moisture in

the 0-20 cm layer amounted to 8.3% under LF irfigavs. 6.7% under DI irrigation in the
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SS rootzone, and 14.5% under LF irrigation vs. 9@fder DI irrigation in the GM rootzone

(data not shown).

Thatch / mat assessments

Neither thickness nor content of organic mattahemat layer were significantly affected by
treatments in any year (Table 5). On average fdredtments mat thickness doubled from 10
mm in the fall of 2008 (16 months old green) tor2th in the fall of 2009 (28 months old

green), while the average content of organic matterat layer dropped from 9.8% to 8.3%.

Table 5. The effect of rootzone composition and ifgation regime on mat
characteristics of velvet bentgrass green

September 2008 September 2009
Organic Organic
matter matter
Treatmentt  Mat depth in mat Mat depth in mat
cm % (w/w) cm % (w/w)
SS+LF 1.0 10.3 2.0 8.0
SS+DI 0.9 9.1 1.9 7.9
GM+LF 1.0 10.1 2.2 8.8
GM+DI 1.0 9.7 2.0 8.4
p 0.812 0.735 0.631 0.610

1SS, straight sand; GM, ‘Green Mix’; LF, lightcafrequent irrigation; DI,
deep and infrequent irrigation.

Root density

The average root dry weight per unit area was 1L8l,and 2.0 times higher on SS than on
GM plots in June 2008, September 2008, and Oct@bép, respectively (Table 6). The
effect of irrigation frequency on the total rootydweight was inconsistent within each
rootzone.

Root densities at different depths are shown in BigThe highest root density was
always recorded in the upper 4.0-5.5 cm under taelayer, but differences in root density
between rootzones were not consistent in 2007,,28882009. The decrease in root density
from upper to lower layers occurred more rapidly ®N plots compared with SS plots.
Significant effects of irrigation regime only appead in October 2009. On SS plots, DI
irrigation almost doubled root density in the 1020 layer, but reduced root density by 30%
in the 6-10 cm layer compared with LF. On GM pldd$,irrigation reduced root density by
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about 50% in the 2 cm topsoil layer (just underrtieg), but increased root density about four

fold at 10-20 cm depth.

Table 6. Effect of rootzone composition and irrigabn regime on total
weight of dry roots per one square meter.

Treatmentt June 2008 September 2008 October 2009

________gnﬂ
SS+LF 376 a 295 497 a
SS+DI 329 ab 278 515a
GM+LF 229 ¢c 235 274 b
GM+DI 263 bc 129 238 b
p 0.036 0.072 <0.001

tSS, straight sand; GM, ‘Green Mix’; LF, light afreéquent irrigation; DI,
deep and infrequent irrigation.
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Figure 5. Root density at different soil depths orvelvet bentgrass green with rootzone compositions
Straight Sand (SS) or ‘Green Mix’ (GM) and irrigation regime Light and Frequent (LF) or Deep and
Infrequent (DI), measured by the end of dry periodin 2008 and the end of both experimental years.
Mean values followed by the same letter within thesame depth and measured at the same time are not
significantly different based on Fisher protected ISD test ¢=0.05).
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Water infiltration rate

The lowest infiltration rate had SS plots receivibf irrigation. Deep and infrequent

irrigation improved the infiltration rate by 26% &ad49% on SS plots in June 2008 and in
September 2009, respectively (Table 7). Effectsirafjation on GM plots were not

significant.

Table 7. Effects of rootzones and irrigation regime on
infiltration rates measured by double ring infiltro meter.

June
Treatmentt 2008 September 2009
——— mm hft e

SS+LF 82hb 63D
SS+DI 103 a 343 a
GM+LF 104 a 267 ab
GM+DI 99 a 333 a

p 0.003 0.051

T SS, straight sand; GM, ‘Green Mix’; LF, lightdafrequent
irrigation; DI, deep and infrequent irrigation.

T Mean values followed by the same letter in thmesaolumn
have no significant difference based on Fishergutet LSD test
(0=0.05).

Potential soil moisture repellency

In general, GM plots were wettable or slightly watepellent at all investigated depths
except for the mat layer on plots receiving LFgation in 2008 (Table 8). Both in June 2008
and September 2009, the mat layer was more watelleat under LF than DI irrigation. At
5- and 10-cm depth, water drop penetration time RVPwas generally higher under DI
(WDPT varied from 11 tol9 s) than under LF irrigati(WDPT varied from 3 to 6 s). In

contrast to GM plots, SS plots showed strong amdrsewvater repellency at certain depths.

In 2008, DI irrigation resulted in higher water elpncy immediately under the mat layer
and at 1 cm under the mat layer than LF irrigation2009, strong water repellency was
observed at these depths regardless of irrigatigime. Deep and infrequent irrigation led to
the higher repellency at the 10-cm depth in 2008 &trb- and 10-cm depth in 2009. Like on
GM plots, measurement in September 2009 showedthigaimat layer on SS plots was

potentially more water repellent under LF irrigatilhvan under DI irrigation.
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Table 8. Water drop penetration time (WDPT) at different depths of SS and GM plots and LF or DI irrigdion, measured after drying samples at room

temperature for 48 h in 2008 and 2009.

June 2008 September 2009
Immediately 1cmunder 5cmfrom 10 cm from Immediately 1cmunder 5cm from 10 cm from
Treatmentt In mat under mat mat green surface  green surface Inmat  under mat mat green surface  green surface
WDPT, s

SS+LF 74 a 35a 9 ab 5ab 6a 111 d 76 b 123 b 11D 6b
SS+DI 217 c 208 b 1282 c la 192 b 3lc 79b 136 b 24c 69 c
GM+LF 107 b 7a 5a 4 bc 5a 17 Db 8a 9a 6a 3a
GM+DI 51a 11a 14b 12 ¢ 19a 12a 7a 9a 11 b b 11

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 .06D <0.001 <0.001

T SS, straight sand; GM, ‘Green Mix’; LF, lightdafrequent irrigation; DI, deep and infrequentgation.



Leaching

During the periods of the leachate collection i®202008 and 2009, SS plots with LF and
DI irrigation received totally 362 mm and 292 mnmigation water, respectively. The
corresponding amounts on GM plots were 292 mm &2d2m. The total rainfall

for the collection periods amounted to 790 mm. Beealeachate was collected during
periods of different duration in 2007, 2008 and 20@aching data are presented on a daily
basis (Table 9).

Table 9. Effects of the treatments on leaching raseduring the water
collection periods in 2007, 2008, and 2009.

20 Aug. — 1 Oct. 1 May — 1 Oct. 1 May — 1 July

Treatmentt 2007 2008 2009
mm day*
SS+LF 1.7b 3.1 1.1d
SS+DI 15ab 2.7 0.8b
GM+LF 15ab 2.8 10c
GM+DI 1.3a 2.7 0.7 a
p 0.023 0.105 <0.001

T SS, straight sand; GM, ‘Green Mix’; LF, lightcafrequent irrigation;
DI, deep and infrequent irrigation.

T Mean values followed by the same letter in thmes@olumn have no
significant difference based on Fisher protected t&st ¢=0.05).

In 2009, LF irrigation caused significantly higHeakage rates than DI irrigation from
both SS plots and GM plots. In 2007 and 2008, iffees showed similar trends but were
not significant.

Significant differences in concentrations and agerdaily loss of nutrients occurred
between treatments, but they were usually due atzome rather than irrigation frequency
(Table 10). The highest concentrations were medsof potassium (12.6-31.7 mgiL
followed by total nitrogen (0.7-3.0 mg4) and phosphorus (0.01-0.19 mg)L

On averaged for irrigation treatments the loss ibfate/nitrite through the drainage
system was eight and three times higher on SS ptotgpared with GM plots in 2007 and
2008, respectively. In 2009, differences in nithaiteite leaching rate from the two rootzones
were no longer significant. By contrast, total ogien leaching was higher from GM plots
than from SS plots in 2009 only. Leaching of plmsps was eight, six, and eleven times
higher on GM plots compared with SS plots in 20008 and 2009, respectively. Potassium

19



leaching from GM plots was two times higher thanirSS plots in 2007, but it did not differ

between rootzones in 2008 and 2009.

Table 10. Nutrient concentrations in leachate anddtal nutrient losses from velvet bentgrass green as
affected by root zone type and irrigation regime ad expressed for 2007, 2008, and 2009 on a daily lzas

20 Aug. — 1 Oct. 1 May — 1 Oct. 1 May — 1 July
2009
Concent- Concent- Concent-
ration, Leaching rate, ration, Leaching rate, ration, Leaching rate,
Treatment mgL* mg mi? day* mg L* mg mi? day* mg L* mg m? day"
NO™/NO7
SS+LF 1.8b 3.3b 0.7b 2.3ab 0.5 0.6
SS+DI 22b 3.3b l5a 41b 0.5 0.4
GM+LF 0.3a 05a 0.3b 09a 0.9 0.9
GM+DI 0.3a 0.3a 04b 10a 0.7 0.5
p 0.020 0.030 0.028 0.052 0.811 0.639
Nitrogen (N)
SS+LF 3.0 5.2 2.0 6.4 0.7a 09a
SS+DI 2.5 3.9 2.7 7.3 0.7a 0.6a
GM+LF 1.8 2.8 2.7 7.6 24b 24b
GM+DI 1.9 25 3.0 7.9 2.0ab 1.3 ab
p 0.476 0.293 0.165 0.630 0.057 0.052
Phosphorus (P)
SS+LF 0.02a 0.04 a 0.02a 0.07 a 0.01la 0.01la
SS+DI 0.02 a 0.03 a 0.03 a 0.07 a 0.01a 0.01a
GM+LF 0.19b 0.30b 0.16 b 0.44 b 0.15b 0.15b
GM+DI 0.19b 0.26 b 0.15b 0.41b 0.15b 0.10b
p 0.001 0.004 <0.001 <0.001 0.003 0.002
Potassium (K)
SS+LF 144 a 25.1a 12.6 39.5 14.3 16.5b
SS+DI 12.7 a 193 a 14.7 39.4 16.8 13.6 ab
GM+LF 31.7b 48.2 c 14.4 39.7 17.1 16.7b
GM+DI 29.2 b 39.1b 135 35.9 15.4 104 a
p <0.001 0.001 0.251 0.821 0.548 0.076

T SS, straight sand; GM, ‘Green Mix’; LF, lightdafrequent irrigation; DI, deep and infrequentgation.
¥ Mean values followed by the same letter in thmesaolumn have no significant difference based ishdf

protected LSD testyE0.05).

As compared with DI irrigation, LF irrigation resedl in more leaching of potassium

from GM root zones in 2007 and 2009. Effects agation regime on nutrient losses from SS
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rootzones were never significant, but a signifisahigher concentration of nitrate/nitrite was

detected in leachate from plots with DI than frolmtg with LF irrigation in 2008.

DISCUSSION

Turf quality in the sowing year and during spring periods. The lower overall impression and
shoot density on SS vs. GM plots in fall 2007 andrdy both spring periods is in accordance
with earlier investigations (Gibbs et al., 20000 & al, 2001). Nitrogen loss in the form of
nitrate/nitrite from the 2-4 months old green waghetimes higher from SS plots than from
GM plots and corresponded, in turn, to 4.5 % ad%.of total N applied in fertilizer. Our
results are in agreement with earlier studies shgwimendment with compost to improve
the water holding and nutrient retention capagcitisd thus turf quality of sand-based
rootzones (McCoy, 1992; Brauen and Stahnke, 199&pM et al., 2004; Aamlid, 2005).
Better turfgrass performance on GM compared witlpB® in the spring of 2008 and 2009
was also due to less injury causedNdicrodochium nivale. This was later confirmed by a
sudden outbreak of tHdicrodochium patch in September 2009; again, the affected wesa
lower on GM plots compared with SS plots. Thesellteare substantiated by earlier reports
showing suppressive effects of compost on soilbaunrfgrass diseases (Boulter et al.,
2002b; Nelson and Boehm, 2002; Tilston et al.,, 20@bulter et al. (2002a) found a
reduction in the development Bf. nivale andTyphula ishikariensis on a 4-5-yr old creeping
bentgrass green after topdressing with composty &ls® observed a quicker green-up and
recovery from dormancy on compost-amended plots.

In our study, the period from 2 May to 13 June 2@@8 without any natural rainfall,
and the turf obviously performed better and recegenore quickly from the disease with LF
than with DI irrigation. Better turf performance ydung greens under more frequent
irrigation was reported also by Fu and Dernoed€0%2a).

Turf quality in summer and fall. The rapid improvement in turfgrass overall impressi
and shoot density on SS plots in the summer ahdff2008 was facilitated by a 46% higher
nitrogen input on SS than on GM plots. After aclngvmaximum scores in the fall of 2008,
turfgrass overall impression declined in resporsé R irrigation on SS plots. This is in
accordance with earlier research by Jordan etC@3Rand Fu and Dernoeden (2009a). Thus,
Fu and Dernoeden (2009a, 2009b) reported bettequatity with DI irrigation than with LF
irrigation by the end of a 2-yr study on creepimgigrass green (97% sand, 1% silt, 2% clay,
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and 10 mg g organic matter), and they attributed this to, ametiger things, a higher
chlorophyll content and better adaptation to wiess after DI irrigation.

Root development. In our study, DI irrigation led to an increaseroot density at a
depth of 10-20 cm, but the effect was significamyavhen measured in October 2009 on SS
plots. At the same time, root density was reduceithé upper layers on both rootzones. Most
likely, effects of irrigation on root development deeper layers in 2007 and 2008 were
masked by uncontrolled natural precipitation. Jorefaal. (2003) also reported no differences
in rooting on a creeping bentgrass green in resgpomsrrigation at one, two, or four day
intervals during the first year of a 2-yr study enchatural rainfall., In our study, the high
water holding capacity of the GM rootzone probadigo contributed to negligible effect of
reduced irrigation frequency on turfgrass root dgwment.

Although several studies showed an increase inlengith, root number or root density
at lower depths in response to limited soil mosstur the upper layer (Huang et al., 1997;
Jordan et al. 2003; Fu and Dernoeden, 2009b),teftac root distribution in the upper layer
have been inconsistent. Huang et al. (1997) regpostedecrease in root length of most
cultivars of four warm-season turfgrasses in thpen20 cm soil in response to drying. By
contrast, Fu and Dernoeden (2009b) observed ardserin the total root length and total
root surface even in the in the upper 6 cm soilwinegating at leaf wilt compared with LF
irrigation. Jordan et al. (2003) also showed a digioot density at 1-7.5 cm depth on
creeping bentgrass green after irrigating everaysdhan every 1 or 2 days, but only in the
end of a 2-yr study.

Until construction of the rainout shelter in Julp(®, root development was more
affected by root zone composition than by irrigatteeatment. Although turf visual quality
was generally lower, there always were more rob6X0 and 10-20 cm depth on SS than on
GM plots. The higher root density in the lower laymost likely maximized water and
nutrient uptake due to the lower soil moisture eahtin SS than in GM rootzones soll
moisture (7.8% vs. 13.9% in 2008 and 8.5% vs. 1522009) (Huang et al., 1997; Leinauer
et al., 1997).

Characteristics of the thatch/mat layer. The content of organic matter in the mat varied
from 9.1% to 10.3% already by the end of 2008, aansiderably higher than the optimal
organic matter content in a sand medium which issiered not to exceed 4% (McCoy,
1992; Murphy et al., 1993). This was not surprisasgfar as velvet bentgrass possesses high
thatch accumulation (Rinehart et al., 2005; Aandical., 2006). As the nitrogen input was
reduced 27% on SS plots and 21% on GM plots, tlbldag of mat thickness from 2008 to
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2009 must have been due to an increase in topdgesate from 4 mm to 9 mm. In
accordance with earlier investigations (Murphy, 3:98cCarty et al., 2005, 2007), this
increase in topdressing also led to a 23 % deciaabe content of organic matter in the mat
layer (average for all treatments) from 2008 to 2@p=0.006). In contrast to our results
showing no significant effect of treatments on ¢thanat characteristics, Fu and Dernoeden
(2009a) found that DI irrigation reduced the cohteh organic matter in the mat on a
creeping bentgrass green compared with LF irrigatip the end of their 2-yr study (24.7%
under LF irrigation vs. 20.0% under DI irrigation).

By the end of our study the inferior turfgrass wisguality on SS plots that had
received LF irrigation, could be due to the mordesis continuous wetness of the mat layer
on those plots. This, in turn, may have led to @ygleficiency and N losses due to
denitrification from these plots (Mancino et al988B; Engelsjord et al.,, 2004). A more
compact thatch layer with less favourable conddgidor aerobic bacteria may also be
indicated by the strongly reduced infiltration réf@ble 7) and by the more severe outbreak
of Microdochium patch on these plots than on other plots in Septe2009.

The higher water repellency on SS plots compareth WM plots at most of the
investigated depths corroborates earlier studiesvisiy water repellency to be an important
property of sand which develops when the soil watamtent is below a certain critical
threshold (Bauters et al., 1998; Dekker et al.12Q@rsbo et al., 2008). Our results suggest
that development of water repellency on SS plots eedayed but not totally prevented by LF
irrigation. However, contrary to our expectatiorgher soil water repellency in the mat layer
on the GM rootzone in June 2008 and on both ro@zam September 2009 was observed on
plots receiving LF irrigation as opposed to Dlgaiion. We have no good explanation for
this phenomenon but suggest that moisture or/anggesx conditions provided by LF
irrigation could derive microbial water repellen@ilkinson and Miller, 1977; Hallet et al.,
2001) or repellency induced by the products of piganatter decomposition or by the
exudates of grass roots (Doerr et al., 2000).

Playing quality. The negligible effect of rootzone in our studyinsaccordance with
earlier investigations showing that ball roll degeron the quality of the immediate green
surface and not on rootzone composition (Baker Riuhards, 1995; Baker et al., 1999;
Gibbs et al., 2000). The measurement of surfacdnieas in our study was important both
from a player’s perspective and since it refled¢tetch accumulation by the species. Similar
to earlier investigations, our results showed that higher surface hardness on SS vs. GM

plots persisted only during the first year of thedy (Baker and Richards, 1995; Gibbs et al.,
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2000; McCarty, 2005, 2007). Most probably the tHick similar mat depth and equal content
of organic matter among our treatments resultedhe minimal differences in hardness
between rootzones on the mature green.

Leaching. Infrequent irrigation (DI) did not lead to incre@sdrainage as reported by
Bauters et al., 1998; Kenna and Snow, 2000; Frytauehg, 2004; Barton and Colmer, 2006;
Nektarios et al., 2007). Starrett et al. (1995,6,9900) also found more drainage from fine-
loamy soil columns with Kentucky bluegrass turfe®mg DI irrigation (4 applications of
25.4 mm) than LF irrigation (16 applications of &mn). They also showed more nitrogen
(Starrett et al., 1995), pesticide (Starrett et #96), and herbicide leaching (Starrett et al.,
2000) with DI vs. LF irrigation. In our study, thegher amounts of leachate with LF than
with DI irrigation within each rootzone were causéutly, by the generally higher amounts
of irrigation water received by LF- than by DI-gated plots. Secondly, plots with LF
irrigation were mostly closer to field capacity aherefore had less space for natural rainfall
than plots with DI irrigation.

The overall leakage of nutrients in our study was As has previously been reported
from other studies with well-established and prbgperaintained turf (Mancino and Troll,
1990; Frank et al., 2005; Paré et al., 2006; Scidalt Petrovic, 2008; Steinke et al., 2009).
Thus, the nitrate/nitrite concentrations in leaehatre 95, 98, and 99 % lower on SS plots
and 99 %, 99 %, and 98 % lower on GM plots thanctiteent regulatory standard of 50 mg
of nitrates per litre groundwater (The EU NitraBrenking Water Directive, 2010).

In 2007 the nitrogen inputs on SS and GM plots thassame and amounted to 34 kg N
ha* for the period of leachate collection. Leachinfy nitrogen as nitrate/nitrite was,
nonetheless, significantly higher from SS than fréiM plots. That is not surprising due to
lower immobilization, absence of thatch and lowegamic matter content in the SS rootzone
(Brauen and Stahnke, 1995). The higher leakagegainic N (difference between total N and
nitrate/nitrite) from GM than from SS plots can &scribed to more ‘conversion of mineral
fertilizer to leachable organic form’ (Paré et &Q06) or to an initially higher content of
organic nitrogen in the GM rootzone. Unlike Djodgital. (2004) who found no relationship
between soil P content and P losses, differencés level between soil types in our study
were huge and caused more P leaching from the @GNl flom SS rootzone The amount of
potassium applied to both rootzones could be retlasesuggested by total leaching of this

nutrient.
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CONCLUSIONS AND PRACTICAL RECOMMEDATIONS

While this investigation showed that establishrmaamd maintenance of velvet bentgrass
is possible on both SS and GM root zones, the &M showed clear advantages in the
form of higher visual quality, less disease, longeigation intervals, and less risk for
development of soil water repellency. Disadvantagkesising the compost-amended root
zone were a softer green surface during the fear after establishment and greater risk for
nitrogen and phosphorus leakage from establish&dAlihough the effect of root zone was
mostly dominant to the effect of irrigation, thisvestigation showed a shift in optimal
irrigation strategy from light and frequent irrigat during the first 18 months after the two
months grow-in period to deeper and more infrequergation on more mature velvet
bentgrass greens. Under Scandinavian climatic tondi neither rootzone composition nor
the intervals between irrigation to field capagtyowed significant effects on mat thickness
or organic matter content. On the GM root zoneth\an initial organic matter content of 2%,
it is noteworthy that mature velvet bentgrass nadmetd acceptable turfgrass quality if

irrigated to field capacity only at 20 mm defigig. at approximately weekly intervals.
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