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Abstract

Turfgrasessequesteandemit carbon dioxide, and emit nitrous oxidé>Q) when
fertilized with nitrogen and irrigateétuture water availability is a serious issue and drought
restrictions may be imposed on turf managenge turf areasare subjected tadffic stressMy
objectivesn Chapter2 were to 1) quantify the magnitude and patterns efONemissions and
carbon(C) sequestration in zoysiagra@oysia japonicéSteud.) and2) determine how
irrigation (66%and 33% referencevapotranspiration [EJ replacementand fertilization
(polymercoated urea, urea, and unfertilized) managemearytreduce D emissionsand
enhance carboreguestration. My objectives inh@pters3 and4 were toevaluateabove and
belowground responses obolseason (C3) [Ketucky bluegrasgPoa pratensit..) and
perennial ryegrass lium perennd..)] and warmseason (C4grassegbuffalograssBuchloe
dactyloidegNutt.) Engelm]and zoysiagrass] at golf coursdated mowing heights [1.€ém
(fairway) and 6.4m (rough)], wih and without traffiduring a simulated drought and
subsequent recovery period (without traffic).

In Chapter2, N2O emissionsncreased by 6.3% with moneigation during summers and
increased fron4.06kg ha'in unfertilizedturf to 4.5Q and5.62kg ha?in polymercoated urea
and uredreated turfrespectivelyduring the 2yea study.There was no difference in C
sequestration rates between a high vs.ifggut management schedule. T@esequestration rate
was0.952 Mg C ha yr for zoysiagrassvhen averaged across management schedules and
depthsThe use of @ontrolledrelease fertilizer such as PCU compared to the use of aquick
release fertilizeand/or lower irrigatiowill reduceN2O emissions in turfgrastr Chapters3
and4, the letter dought tolerancef C4 grasses led to more differences between traffic
treatments within C4 than C3 grasses, but C4 grasses maintained the highest quality and green
cover. Quality at roughcompared to fairwayeight was more impacted by traffic. Decregsin
soil moisture due to drought led to a minimal impact from traffic on soil bulk density, soil
penetration resistance (SPR), and root measurements. During di®RBhat deeper soil depths
and fairway plotsncreasednd exceeded the critical value of #@a. Both C4 grassesd
perennial ryegrass had larger root diameters, which may have led to better soil compaction
resistanceTraffic during drought willhave anegativeand accelerated impaeboveground,

but minimal impact belovground which will vary with turf species and mang height
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Abstract

Turfgrasessequesteandemit carbon dioxide, and emit nitrous oxidé-Q) when
fertilized with nitrogen and irrigateétuture water availality is a serious issue and drought
restrictions may be imposed on turf managenge turf areasare subjected to traffic streddy
objectives in Chapter 2 were tby quantify the magnitude and patterns efONemissions and
carbon (C) sequestration zoysiagras¢Zoysia japonicéSteud.) and2) determine how
irrigation (66%and 33% referencevapotranspiration [EJ replacementand fertilization
(polymercoated urea, urea, and unfertilized) managemeytreduce D emissionsand
enhance carbon seqtredgion. My objectives in Chapters 3 and 4 werevialateabove and
belowground responses obolseason (C3) [Kentucky bluegrgé®a pratensit..) and
perennial ryegrass lium perennd..)] and warmseason (C4) grasses {buffalogrgBsichloe
dactylades(Nutt.) Engelm]and zoysiagrass] at golf coursdated mowing heights [1.€ém
(fairway) and 6.4m (rough)], with and without traffiduring a simulated drought and
subsequent recovery period (without traffic).

In Chapter 2N-O emissions increasday 6.3% with more irrigation during summers and
increased from 4.06g hatin unfertilized turf to 4.50, and 5.8@) hatin polymercoated urea
and urea treated turf, respectively, during theedr studyThere was no difference in C
sequestration ratdmtween a high vs. lomput management schedule. TGesequestration rate
was0.952 Mg C ha yr for zoysiagrass when averaged across management schedules and
depths. The use ofantrolledrelease fertilizer such as PCU compared to the use of aquick
release fertilizeand/or lower irrigation will reduce 20 emissions in turfgrastr Chapters 3
and 4, the better drought tolerarafeC4 grasses led to more differences between traffic
treatments within C4 than C3 grasses, but C4 grasses maintaireghthst quality and green
cover. Quality at roughcompared to fairwayeight was more impacted by traffic. Decreasing
soil moisture due to drought led to a minimal impact from traffic on soil bulk density, soil
penetration resistance (SPR), and root nressents. During drough§PR at deeper soil depths
and fairway plotsncreasednd exceeded the critical value of 2.0 MPa. Both C4 grassks
perennial ryegrass had larger root diameters, which may have led to better soil compaction
resistanceTraffic during drought willhave anegativeand accelerated impacts abayeund,

but minimal impact belovground which will varywith turf species and mang height
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Figure 2.1. Year 1 of measurements from 29 Oct. 2014 (DOY 302) to 5 Oct. 2015 (278). (A)
Fluxes of N2GN from zoysiagrass treated with polyreyated urea, no feritzer
(unfertilized), and urea. On measurement days, (B) Wit pore space (WFPS) at 7.6
cm (C). Temperatures of soil at 7.6 cm and air at 2 m. Solid vertical lines represent summer
period when rainout shelter was activated. Dashed vertical linduate2represents
fertilization (urea applied at 49 kg NHiaand polymexcoated urea applied at 98 kg N-ha
1). Dotted vertical lines at 16 July represent 2nd urea application at 49 kg Nskgmbols
(X) along the abscissa indicate significant differenads/ben at least 2 treatments, a plus
(+) indicates significant differences between one and the other two ér@atrand a
di amond (D) indicates differences among all
Fisheros Protect.ed..LSD..(.P..0O..0...05) . ... 56
Figure 2.2. Year 2 of measurements from 26 Oct. ZDTBY 299) to 3 Oct. 2016 (277). (A)
Fluxes of NO-N from zoysiagrass treated with polyrrmrated urea, no fertilizer
(unfertilized), and urea. On measurement days, (B) Wit pore space (WFPS) at 7.6
cm (C). Temperatures of soil at 7.6 cm and aff at. Solid vertical lines represent summer
period when rainout shelter was activated. Dashed vertical line at 6 June represents
fertilization (urea applied at 49 kg N-hand polymeicoated urea applied at 98 kg N'ha
Dotted vertical lines at 20 Julgpresent 2 urea application at 49 kg N haSymbols (X)
along the abscissa indicate significant differences between at least 2 treatments, a plus (+)
indicates significant differences between one and the other two treatments, and a diamond
(D) isnddicfafteer ences among all three treat ment
Protected LSD.(P....0..0.5) e 57
Figure 2.3. Year 1 of measurements from 29 Oct. 2014 (DOY 302) to 5 Oct. 20154978).
Fluxes of NO-N from zoysiagrass irrigated at 33% £and 66% ET. On measurement
days, (B) Watefilled pore space (WFPS) at 7.6 cm (C). Temperatures of soil at 7.6 cm and
air at 2 m. Solid vertical lines represent summer period when rainout she#terctivated.
Dashed vertical line at 2 June represents fertilization (urea applied at 49 KgaNcha
polymekrcoated urea applied at 98 kg NhaDotted vertical lines at 16 July represeft 2
urea application at 49 kg N haSymbols (X) along the abissa indicate significant



di fferences between the two treatments on a
G = © TN o BN o 1= 0 RPN 58
Figure 2.4. Year 2 of measurements from 26 Oct. 2015 (R@9y to 3 Oct. 2016 (277). (A)
Fluxes of NO-N from zoysiagrass irrigated at 33% £and 66% ET. On measurement
days, (B) Watefilled pore space (WFPS) at 7.6 cm (C). Temperatures of soil at 7.6 cm and
air at 2 m. Solid vertical lines represent summeiopewvhen rainout shelter was activated.
Dashed vertical line at 6 June represents fertilization (urea applied at 49 KgaNdha
polymercoated urea applied at 98 kg NaDotted vertical lines at 20 July represefit 2
urea application at 49 kg N haSymbols (X) along the abscissa indicate significant
di fferences between the two treatments on a
G = © T o T o -0 TR "9
Figure 2.5. 2015 summer dateswéasured fluxes of 4D-N from zoysiagrass treated with
polymercoated urea, no fertilizer (unfertilized), and urea. Solid vertical lines represent the
summer period when the rainout shelter was activated. Dashed vertical line at 2 June
represent fertilizion with urea applied at 49 kg N-hand polymeicoated urea applied at
98 kg N ha. Dotted vertical lines at 16 July represent tffeuPea application at 49 kg N
ha?. Symbols (X) along the abscissa indicate significant differences between at least 2
treatments, a plus (+) indicates significant differences between one and the other two
treatments, and a diamond (D2 indicates dif
date according to Fi sher.ads..Pr.at.ect.ed60LSD (P
Figure 2.6. 2016 Summer dates of measured fluxes@fNNfrom zoysiagrass treated with
polymercoated urea, no fertilizer (unfertilized), and urea. Solid vertical lines represent the
summer period when the rainaltelter was activated. Dashed vertical line at 6 June
represent fertilization with urea applied at 49 kg N had polymeicoated urea applied at
98 kg N ha. Dotted vertical lines at 20 July represent tPfeupea application at 49 kg N
ha?. Symbols (¥ along the abscissa indicate significant differences between at least 2
treatments, a plus (+) indicates significant differences between one and the other two
treatments, and a diamond (D2 indicates dif
date@a cording to Fisherés..Pr.at.ect.ed..L.SDSI(P O 0
Figure 2.7. Cumulative fluxes of-®-N over a tweyear period from zoysiagrass treated with

polymercoated urea, no fertilizer (unfertilized)d urea. Dashed vertical lines at June



dates represent fertilization with urea applied a rate of 49 kg'Nuhe polymercoated urea

applied at 98 kg N ha Dotted vertical dashed lines at July dates represenftiuec

application at 49 kg N hia Vertical errors bars at each meapresent SE of the mean. At

each date (the end of year 1 and the end of theyeéao study), means with different letters

are significantly different accor.di.ng2 to Fi
Figure 2.8. Year 1 of soil nitrogen measurements from 29 Oct. 2014 (DOY 302) to 5 Oct. 2015

(278). (A) Average soil ammonium (NH and (B) soil nitrate (N&) concentrations from 0O

to 12.7 cm from zoysiagrass treated with polyoested urea,mfertilizer (unfertilized),

and urea. Solid vertical lines represent the summer period when the rainout shelter was

activated to prevent precipitation on plots. Dashed vertical line at 2 June represents

fertilization with urea applied at 49 kg N-handpolymekrcoated urea at 98 kg N ha

Dotted vertical lines at 16 July represent tifeu®ea application at 49 kg N haSymbols

(X) along the abscissa indicate significant differences between at least 2 treatments, a plus

(+) indicates significant diffences between one and the other two treatments, and a

di amond (D) indicates differences among all

Fisheros Protect.ed..L.SD...(.P...0O..0...05) ... 63
Figure 2.9 Year 2 of soil nitrogen measurements from 26 Oct. 2015 (DOY 299) to 3 Oct. 2016

(277). (A) Average soil ammonium (NF and (B) soil nitrate (N®) concentrations from 0O

to 12.7 cm from zoysiagrass treated with polyoested urea, no fertilizer (unfdizied),

and urea. Solid vertical lines represent the summer period when the rainout shelter was

activated to prevent precipitation on plots. Dashed vertical line at 6 June represents

fertilization with urea applied at 49 kg N-hand polymeicoated ureat®®8 kg N ha.

Dotted vertical lines at 20 July represent tifeu®ea application at 49 kg N haSymbols

(X) along the abscissa indicate significant differences between at least 2 treatments, a plus

(+) indicates significant differences between onetaedther two treatments on a given

date according to Fi sher.as..Pr.at.ect.ed6d SD (P
Figure 2.10. Year 1 of soil nitrogen measurements from 29 Oct. 2014 (DOY 302) to 5 Oct. 2015

(278).(A) Average soil ammonium (NF)) and (B) soil nitrate (N®) concentrations from 0O

to 12.7 cm depth from zoysiagrass irrigated at 33%dfad 66% ET. Solid vertical lines

represent the summer period when the rainout shelter was activated to preveitapoeci

on plots. Dashed vertical line at 2 June represents fertilization with urea applied at 49 kg N

Xi



ha' and polymercoated urea at 98 kg N-fhaDotted vertical lines at 16 July represent the

2" urea application at 49 kg N fhiaSymbols (X) along thabscissa indicate significant

di fferences between the two treatments on a

G S © T 0 SO o 1T TSN 65
Figure 2.11. Year 2 of soil nitrogen measurements 26rdct. 2015 (DOY 299) to 3 Oct. 2016

(277). (A) Average soil ammonium (NH and (B) soil nitrate (N®) concentrations from 0O

to 12.7 cm depth from zoysiagrass irrigated at 33%dEd 66% ET. Solid vertical lines

represent the summer period when theaat shelter was activated to prevent precipitation

on plots. Dashed vertical line at 6 June represents fertilization with urea applied at 49 kg N

ha! and polymercoated urea at 98 kg N-fhaDotted vertical lines at 20 July represent the

2" urea appliation at 49 kg N & Symbols (X) along the abscissa indicate significant

di fferences between the two treatments on a

[ = © TN o BN o 1< 0 TSROSO 66
Figure 2.12 Effects of the (A) fertilizer main effect and (B) irrigation main effect on visual turf

quality of zoysiagrass in 2015. Solid vertical lines represent the summer period when the

rainout shelter was activated and irrigation treatments were applied. Deshedl line at

2 June represent fertilization with urea applied at 49 kg Nana polymeicoated urea

applied at 98 kg N ha Dotted vertical lines at 16 July represent tffeuPea application at

49 kg N ha. Solid horizontal black line signifiesimimum rating for acceptable turf

quality. Within each main effect, means at each date with the same letter not significantly

di fferent according to FEi.sherbs..Pr.ot6/cted L
Figure 2.13. Effects of the (A) fertilizer main effect and (B) irrigation main effect on visual turf

guality of zoysiagrass in 2016. Solid vertical lines represent the summer period when the

rainout shelter was activated and irrigation treatments were apphstied vertical line at

6 June represent fertilization with urea applied at 49 kg Nana polymeicoated urea

applied at 98 kg N ha Dotted vertical lines at 20 July represent tffeuPea application at

49 kg N h&. Solid horizontal black line sigiés minimum rating for acceptable turf

quality. Within each main effect, means at each date with the same letter not significantly

di fferent according to FEi.s.herds..Pr.ot68&ted L
Figure 2.14. Effects of the (A) fertilizer main effect and (B) irrigation main effect on percent

green turfgrass cover of zoysiagrass in 2015. Solid vertical lines represent the summer

Xii



period when the rainout shelter was activated and irrigation treanent applied.

Dashed vertical line at 2 June represent fertilization with urea applied at 49 kgaddha

polymercoated urea applied at 98 kg N'h®otted vertical lines at 16 July represent the

2" yrea application at 49 kg N hiawithin each mairffect, means at each date with the

same | etter not significantly differ.6t acc
Figure 2.15. Effects of the (A) fertilizer main effect and (Bjgation main effect on percent

green turfgrass cover of zoysiagrass in 2016. Solid vertical lines represent the summer

period when the rainout shelter was activated and irrigation treatments were applied.

Dashed vertical line at 6 June represent fertilimawith urea applied at 49 kg Nhand

polymercoated urea applied at 98 kg N'h®otted vertical lines at 20 July represent the

2" yrea application at 49 kg N hiawithin each main effect, means at each date with the

same letter not significantyi f f er ent according to FEi7Mher os
Figure 3.1. Effect of turf species x date interaction sliced by date on volumetric soil water

c ont ganfcmf)dtOto 7.6 cnin Kentucky bluegrass, zoysiagrass, buffalograss, and

perennial ryegrass in 2015. Drought consisted of-dad/s with no precipitation or

irrigation and with O or 16 golf cart traffic passes per week for a total of O or 96 passes by

the end of the droughRecovery consisted of 4fays with no traffic and turfgrasses kept

well-watered. Baseline, drought, and recovery periods were analyzed separately. Means are

average over four blocks, two mowing heights, and two traffic treatments. At baseline (26

June)means with the same | etter are not signif
test (P O 0.05). At al |l ocatema significantlyaifferentme a n s
At Ubon = 0.001389.......c.cuimiririieiieieieieeeeeie sttt eee sttt 106

Figure 3.2. Effect of turf species x date interaction sliced by date on volumetric soil water
c ont ganfcmf)dtOto 7.6 cmin Kentucky bluegrass, zoysiagrass, buffalograss, and
perennial ryegrass in 2016. Drought consisted edi@ls wth no precipitation or irrigation
and with 0 or 16 golf cart traffic passes per week for a total of O or 96 passes by the end of
the drought. Recovery consisted ofdi@ys with no traffic and turfgrasses kept well
watered. Baseline, drought, and recovegyiods were analyzed separately. Means are
average over four blocks, two mowjiheights, and two traffic treatments. At baseline (23

June) , means with the same | etter are not s
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test (P O 0.05). At al | ocatelma significantlyaifferentme a n s
at Chon= 0.001389
Figure 3.3. Comparison of percent green turfgrass cover (%) between traffic treatments sliced by
turf species, mowing height, and date in 2015. Drought consisteddz#y$lwith no
precipitation or irrigation and with 0 or 16 golf cart traffic passes per week for a total of O or
96 passes by the end of the drought. Recovery consisteddafy4Qvith no traffic and
turfgrasses kept welatered. Baseline (26 June), drought (3 July #u§), and recovery
(14 Aug. to 18 Sept.) periods were analyzed separately. At each date, within each mowing
height of each turf species, means with the same letter or no letters are not significantly
di ffeme=nt0.a0to 65 f aoh=0D@ forl3uulye¢hroagh ti8 Sehpt......108
Figure 3.4. Comparison of percent green turfgrass cover (%) between traffic treatments sliced by
turf species, mowing height, and date in 2016. Drought dedsts 4tdays with no
precipitation or irrigation and with 0 or 16 golf cart traffic passes per week for a total of O or
96 passes by the end of the drought. Recovery consisteddafy4Qvith no traffic and
turfgrasses kept welatered. Baseline (23 Jeyy drought (30 June to 6 Aug), and recovery
(11 Aug. to 15 Sept.) periods were analyzed separately. At each date, within each mowing
height of each turf species, means with the same letter or no letters are not significantly
di f f e mhoe=rD00626tf0 2 3 J yotre.00H fod30 Jiine through 15 Sept..109
Figure 3.5. Comparison of visual turf quality between traffic treatments sliced by turf species,
mowing height, and date in 2015.9val turf quality was rated and averaged ona 1to 9
scale (1 = poorest quality, 6 = minimally acceptable, and 9 = highest quality). Drought
consisted of 4days with no precipitation or irrigation and with 0 or 16 golf cart traffic
passes per week foratal of 0 or 96 passes by the end of the drought. Recovery consisted
of 40-days with no traffic and turfgrasses kept wedtered. Solid horizontal black line
signifies minimum rating for acceptable turf quality. Baseline (26 June), drought (3 July to
9 Aug), and recovery (14 Aug. to 18 Sept.) were analyzed separately. At each date, within
each mowing height of each turf species, means with the same letter are not significantly
di ffeme=nt0.a0to 62 5 f @oh=0D@ fod Aulethraughd &gil........ 110
Figure 3.6. Comparison of visual turf quality between traffic treatments sliced by turf species,
mowing height, and date in 2016. Visual turf quality was rated on a 1 to 9 scat®{test
guality, 6 = minimally acceptable, and 9 = highest quality). Drought consisteddafy$1l

Xiv



with no precipitation or irrigation and with O or 16 golf cart traffic passes per week for a
total of O or 96 passes by the end of the drought. Recoverystamhsif 46days with no

traffic and turfgrasses kept wallatered. Solid horizontal black line signifies minimum
rating for acceptable turf quality. Baseline period (23 June), drought period (30 June to 6
Aug), and recovery period (11 Aug. to 15 Sept.)enamnalyzed separately. At each date,
within each mowing height of each turf species, means with the same letter are not
signi fi can tyhy0.086R5 fdr 23rJene ahdlona 0.00W for 30 June through 15

Figure 3.7. Comparison of turf firmness (depth of travel, mm) between mowing height x traffic
treatments sliced by turf species and date in 2015. Drought consistedlayitvith no
precipitation or irrigation and with O di6 golf cart traffic passes per week for a total of O or
96 passes by the end of the drought. Recovery consisteddafy40vith no traffic and
turfgrasses kept welatered. Drought (3 July to 9 Aug), and recovery (14 Aug. to 18
Sept.) were analyzed septely.At each date, within each turf species, means with the same
l etter are not sgngndOfoOoca@aatvyfdifiergmltyatht
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Chapter1-Revi ew of eNdittreoruast uOx i d e
Tur fgrass

Abstract

Nitrous oxide (NO) is a natural and anthropogetgproductassociated with global
climate changand is potentially the most ozedepleting gas. Nitrous oxide 30 times more
effective at trappin¢gpngwave radiationn the atmospher#han carbon dioxidel urfgrass is
typically fertilized and irrigated and has the potential to ers@ At similar rates as other
agricultural soils and thus, may contribute significantly to atmosphe@ckudgetsTurfgrass
systems have comparable cumulative annu@l dimissionsisother agricultural systems.
However, only a few turfgrass studies exist in which fluxes were intensively measuaed for
durationlong enougho be able to calculate accurate annual emissiortauBe MO production
is determined by complex interactions amand physical, biological and chemicatoperties
(e.g., moisture, temperature, ammonium and teittantent, pH, clay fractionglirect
correlations betweenA® fluxes and any one of thesariables are typically lowT he effecs of
N fertilizer sources on emissionsveabeen investigatad otheragricultural systems but
minimal research has beeanducted in turfgrass systems, especially pertaining to controlled
released N fertilizers. Furér NO research is required in turfgrass to develop management
practices (e.g., irrigation and fertilization regimes) that may reduce emissiop® @ N
turfgrass Continuation of direct BO measurements ovéitelong-term to calculate total
inventory ca be expensive and time consumimberefore, the use of model simulatigns.,
DAYCENT and DNDC)should be further developed for turfgrass systems to predictéony

impacts of different management practices on carbon and nitrogen cycling in turfgrass
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Nitrous Oxide Emissions

The greenhouse gas (GHG) nitrous oxidedgNis a natural and anthropogenic by
product associatedith global climate chang@PCC, 2007)Nitrousoxide has been labeled as
potentially the most ozordepleting gas and has alseeln reported to be 310 times more
effective at trappingpngwave radiatiomn the atmospherhancarbon dioxide €O,) (IPCC,
2007; Ravishankara et al., 2008yricultural activities (soil and animal manure management)
are estimated to account for up @6 of NbO emissions, which have increased by about 17%
from 1990 to 2005 (Smith et al., 2007; IPCC, 2007 )iédtural soils, which includéurfgrass
soils, are not likely to be sinks for® due to high N availability/input from fertilization
(Syakila efal., 2011). Human activities of fertilizing agricultural land with nitrogen (N),
including in turfgrass systemateresponsible foa significant amount of total X0 emissions
into the atmosphere each y¢Bremer, 2006; Horgan et al., 2002; Kaye et2004; Lewis and
Bremer, 2013; Maggiotto et al., 2Q0@osier et al., 1998; Ryden, 1981

Turfgrass Industry

Urban expansion has resulted in irrigateddgrasscoveing an estimated 16 to 20 million
hectares in the United States (Milesi et al, 2005)tHéumore, population growth will continue
to increase the amount of developed land area; urbanization in the United States is projected to
increase by 79% by 2025 (Alig et al., 2004). The turfgrass industry consisimeflawns,
commercial properties,off courses, parks, athletieefds, and roadsides the United States. It
is estimated to be worth $40 billion, which is a significant part in the U.S. economy and
generates more income than any other agricultural commodity in many states (Nationalssurfg
Federation, 2009). Besides economic benefits, turfgrass provides a variety of environmental and
human health benefithat improve the quality of life (Beard and Green, 1994; Erickson et. al.,
2001;Gross et. al., 1990aas et al., 200Mliltner et d., 1996; Taylor et al., 1998 However,
turfgrass is increasingly being questioned in regards to its possible effects on climate change
(Town-Small and Czimczik, 2010). Land coverage by turfgnasisides an estimateti56
million hectare®f intensivelymanaged turfgrasan golf courses worldwide (Bartlett and James,
2011). Golf courses, home and commercial lawns, athletic fields, and other turfgrass areas are
commonly irrigated and receive nitrogen fertilizer and thus, turfgrass may have a signifieant r
in the global GHG budgeln 2005 it was estimated that turfgrass represettedargest
irrigated crop in the USA, with three times more acreage than irrigatedZzanrayd..)



(Milesi et al., 2005). Therefore, turfgrass has the potential tosemiar amounts of BD as
other agricultural lands anc® budgets should include contributions from turfgrass soils
(TownsendSmall et al., 2011).

Soil Properties
Soil Water Content

Nitrous oxide emissions typically increase after fertilizer applicationecipitation or
irrigation events (Bremer, 2006; Denmead et al., 1979; Kaiser et al., 1996; Sextone et al., 1985).
In the desert climate of Phoenix, ArizonaNfluxes mainly from bermudagras€ynodon
dactylonL. Pers.)awns were significantly lager than managed xeric landscapes and remnant
desert sites within the urban amater a precipitation eveiitall et al., 2008).

Hi gher soil water conféehtedapsoersepaceed( W
after fertilization may be a keymver in amplified NO fluxes. Soil water content greatly
influences the processes dffrification and denitrificationn the soil, which can result inJ®
fluxes (Christensen, 1983; Davidson, 1991; Firestone and Davidson, 1989; Ryden, 1981).
Nitrification is the microbial process of converting ammoni{iNhls") to nitrate(NOs); this
process is dependent on aerobic conditityyscally 30 to 60% WFP3nda supply ofNH4" in
soil. Denitrification is the conversion of NQto gaseous forms of Mcludingnitrite (NQ),
nitric oxide (NO), NO, anddinitrogen gas (B, which occurgduring high WFPS (>60%) and
anaerobic conditions wheoxygen Qo) is restricted and denitrifying microorganisms are
present.

Higher NO fluxes in agriculturasystemshave beemssociated with higher samoisture
(Clayton et al., 1997; Denmead et al., 1979; Dobbie et al., 1999; Linn and Doran, 1984; Mosier
and Hutchinson, 1981; Sehy et al., 200Borton and Valente, 20DISimilarly, this relationship
has been observed in tgrass system@ijoor et al., 2008; Bremer, 2006; Lewis, 2010; Lewis
and Bremer, 2013; Lu et al., 201&)onversely, others have reportedthigher WFPS did not
always enhance 0 production in turfgrassystemgLi et al., 2013; Townsen8mallet al.,
2011).Further NO researclon the effects offrigation quantity or frequenag required.

These inconsistencies in the relationdigweersoil water content and 0 emissions
could possibly be due the soil N level, type of fertilizer (ammonioinmitrate based) and the
soil water content status at the time of applicatBeauchamp (1997) summarized practices to

possibly minimize MO emissions in agricultural systeiimg selecting nitrateor ammonium



based fertilizerslepending on the soil water conteho potentially help reduce® emissions,
it has beemecommendethatnitrate-based fertilizerge.g.ammonium nitrate (NENO3), and
calcium nitrate (Ca(N§)2)] are usedvhen nitrification is expecteduringlow WFPSand
aerobic conditionsand ammonim-based fertilizerge.g. urea and ammonium sulfate
((NH4)2SQy)] are usedvhen denitrification is expecteatlringhigh WFPSand anaerobic
conditions(Beauchamp, 199Breitenbeck and Bremner, 1986; Byrnes et al., 199&3t
agronomic researdtas indicatd similar results. For exampl&enuta and Beauchamp (2003)
reported urea fertilizer produced higheiQNemissions than other ammonilased fertilizers
(ammonium sulfate) and nitrat@sed fertilizers (ammonium nitrate and calcium nitrate) in
barley Hordeum vulgard..) under aerobic conditions in Guelph, Ontaf@@nadaMaggiotto et
al. (2000) observed a nitralmsed fertilizer (ammonium nitrate) produced highgd Emissions
during wetter soil periodand the ammoniurbased fertilizer (urea) producetyher emissions
during drier soil periods a perennial ryegragkolium perennd..) turf stand in Guelph,
Ontario, Canada.

Soil water content can have an impact on the rnbad@ ofN2O emitted. The previous
research indicats an opportunity to possibigduce NO emissions by proper selection of either
ammonium or nitratebased fertilizer depending on expected soil water content levels. Under
these expectationd,soil water content levels were to be reduced by deficit irrigation pracéices,
watering srategy that reduces water inputs whileim@ning adequate turf healith no or
minimal reductionn turf quality,then ammoniurbased fertilizers should be avoided or at the
very least the amount of available N in the soil should be released slawlg glow or
controlledrelease fertilizerHowever, there has been mixed results in both agronomic and
turfgrasssystemswhereapplication olammonium and/ornitratebased fertilizer produced
emissions contrary to what was expedieded on WFRP.$astturfgrass research has shown that
an ammoniurrbased fertilizer (urea) still produced hiypO emissions under high WFPS due to
irrigation and/or significant rainfall, although no nitrdtased fertilizer wasompared (Bremer
2006; Lewis, 2010)Controlledrelease fertilizers could possibly reduce theaet that WFPS
has on emissions, however, minimal research in turfgrass systems has been conducted
investigating the effects of controlledlease N fertilizers, such as polyroeated urea (PCU) or
sulfur-coatedurea(SCU) on NO emissions under various soil water content conditions. A

reduction inirrigation quantity or frequency could have the potentiaettuceN.O emissions



when properly combined with the correct fertilizarther research should berclucted to
investigatenot onlydifferent irrigation techniques and timings, such as deficit irrigation and
irrigation timing after application of fertilizebut also comparing ammonidmndnitratebased
fertilizers as well as controlleénd slowreleae N fertilizersunder various aerobic and
anaerobic soil conditiorts attain a better understanding of the impact soil water content and
nitrogen fertilizerdhave on NO emissionsn a turfgrass system.

It is possible to have significant spatial variapiin soil physical, biological and
chemicalproperties (e.g., moisture, temperature, ammonium andendgoatent, pH, clay
fraction) across a single turfgrass or agricultural system, which could lead to differeng€s in N
production. There may be othawil factors which limit or intensify pO production despite the
soil having a high soil water content, which was discussed above (Li et al., 2013).

Soil Temperature

Turfgrass environments under high seédter contenand soil temperatures of 3G or
higher are more likely to experience denitrification losses from applied fertilizers (Mancino et
al., 1988). Bijoor et al. (2008) tioed Nertilized tall fescu€Festuca arundinace&chreb. Syn
Schedonorus arundinace8shreb) consistently produced greatN.O fluxes when artificially
heated compared to unheated control plots. Turfgrasstpaitsere fertilized during warmer
summer conditionemitted moreN2O than plots fertilizedluringcooler conditionsn spring or
fall (Lewis and Bremer, 2013). Sifarly, larger NO fluxes were the result of higher soil
temperatures an unfertilized gass sward of perennial ryegrassl dallisgrassRaspalum
dilatatumPoir.) (Denmead et al., 197%lowever, other researchers hagported there waso
relationshipbetween soil temperature andONfluxes in both turfgrass and agricultural soils
(TownsendSmall and Czimczik, 2010; WagnRiddle and Thurtell, 1998Soil temperature is
just one of the many factors that plays a complex uncertain rolgdreMissions (@ristensen,
1983; Goodroad & Keeney, 1984).

Soil Nitrogen

Nitrous oxide fluxes have also been reported to have inconsistent results relating to soil
NHs" and NQ content in both turfgrass and agricultural systems (Bergstrom et al., 2001;
Bremer, 2006; Demead et al., 1979; Lewis and Bremer, 2013; Li et al., 2013; Tenuta and
Beauchamp, 2003; Thorton and Valente, 2001). Due to low correlation between emissions and

soil NHs" and NQ' contents, it has been suggessed N turno\er rates possibly play a larger



role in NbO production(Schimel et al.1989; Matson and Vitousek 199Wosier et al., 1997).

The reported inconsistencies of the significance of soif'NiHd NQ influence on NO

production could be determined by the water and oxygen content of kla¢ the time NO

fluxes are measured (Freney et al., 1979). Under high WFPS ar@b lmwmtents (anaerobic

conditions)N20 production may likely be more influenced by soil NE@bntent than soil Nk

content due to denitrification and vice versa undesla@erconditions (Freney et al., 1979).
Other Soil Factors

There have been differences iBbONemissions as they relate to other soil factors such as
soil pH, organic carbonand clay contenBremer, 2006; Lu et al., 2015; Li et al., 2013)et al.
(2013) reported MO production was negatively correlated to soil pH at higher WFPS. Whereas,
Lu et al. (2015) reported soil pH did not influencgONoroduction. Different results were also
reported for the effect of the clay content of the soil @@ Nroducton. Lu et al. (2015) reported
percent clay content had no effect ogONproduction, however, Li et al. (2013) reported positive
a correlation for clay content at 60% WFPS.

Organic carbon that is readily available in soil is an important component of the
denitrification process, which can be influenced by biomass produstich as clippings.

Impacts of biomass production in a turfgrass systems has also been investigated (Bremer, 2006;
Li et al., 2013). Bremer (2006) found that urea fertilizer applied@vaate resulted in

significantly less clippings returned among N fertilization treatments on fourteen of fifteen
measurement days, howeveiNfluxes from this same low rate urea treatment were only
significantly lower for three of the fifteen days. Té#re, less clippings did not always translate

to less NO fluxes. The addition of bermudagrass clippings enhang@dpkbduction at 60%

WFPS, butadnegligible influence at 90% WFPSh& addition of wheat straw resultedN
productionthat was comparadlto or lowethancontrol (no addition of wheat straybots at

60% and 90% WFPS (Li et al., 2013).

An increase iMN20 fluxes has been reported in the winter during snow melting events
and spring/thaw events. In Ontario, Canaddg®) emissions increasedlsstantially during winter
and spring thw in bare agricultural soils, bamissions were minimal in plots with presence of
vegetation [alfalfaNledicago sativd..) or Kentucky bluegras$?pa pratensid..)] during thaw
(WagnerRiddle and Thurtell, 1998The lowest total BD emissions over four winter and spring

thaw periods were recorded in an establishegle2d stand of Kentucky bluegrass compared to



agricultural fields of bare soil, barley, soybe@ycine maxL.) Merr.], canola Brassica
napug, alfdfa, and corn subjected to various management practices (manure and nitrogen
fertilizer addition, alfalfa ploughing, and fallowingMagnerRiddle and Thurtell, 1998
Similarly, 60% of the annual J fluxes occurred outside the growing season from October
April due to winter and spring freeze/thaw events in plots of perennial silage grass, barley, and
fallow after potato $olanum tuberosumn) harvest inJokioinen Finland (§véasaloet al., 2004).
Lewis and Bremer (2013) reported increases20 Nuxesin turfgrass plots in one of two years
during snow melt in the winter. Regardless of vegetation, it may be crucial to measure emissions
throughout the winter and during freeze/thaw events to have a more accurate representation of
the annual MO emitted.

SinceN20 production is determined by complex interactions amongphgsical,
biological and chemicgiroperties (e.g., moisture, temperature, ammonium and nitrate content,
pH, clay fraction), direct correlations betweesONluxes and any one of thesariables are
typically low. However regardless of turfgrass or agricultural systems, future reseafdsO
emissions should include these variables to study possible corrglatidnmprove mechanistic
models

Fertilization Impact

An increase in BD fluxes has been reported immediately following nitrogen fertilization.
Nitrous oxide fluxes in perennial ryegrass were amplified by as much as 15 times within 3 days
of the fertilization event, with increases tending to be greater when substantial prenipitat
occurred (Bremer, 2006). In the previous study, fluxes decreased to background levels after 14 to
21 days (Bremer, 2006). Similarly, Bergstrom et al. (2001) found\i#@emissions generally
returned to background levels within 16 days of fertilizmli@ation in a Kentucky bluegrass.
Thirty percent of the total annuab® lost occurred during the two weeks immediately following
an Nertilizer application in a corn field in northern Colorado (Mosier and Hutchinson, 1981).

Turfgrass researchenseasiring NbO emissions have concentrated on guilkease
fertilizer types such a@mmonium nitrate, ammonium sulfate, calcium nitrate, urea, and others.
In Kentucky bluegrasshere were no significant differences inONemissionsamongplots
fertilized with ammonium sulfate, calcium nitratsdureaat 100 kg N ha yr?, although
emissions irall fertilized treatmentsvere statistically greater than the unfertilized check

ergstrom et al., reafertilizer applied at g r‘to perenniatyegrass
(B 1., 2001Mreafertil lied at 250 kg N Hayr ial



increased annualZ® emissions 63% compareduceaat 50 kg N h# yr?, buttherewereno
significant differences betweemeaandammonium sulfatapplied at the sam@igher)rate
(Bremer, 2006).

Little investigation has been doaa the infuence of controlledelease (slowelease) N
fertilizers on NO emissions iragricultural systems, and even l@ssurfgrass system&nyder
et al, 2009) Nitrous oxide emissions may be reduced with the use of contraledse N
fertilizers (PCU, SCU, and othes) by reducing the amount of N in the soil that is available
denitrify. The many different examples BCU and SCUertilizers not only differ in coating
material type and layers, but also the coating thickness, all of which allow watereédmaimle
andurea nitrogen inside to dissolve. The N diffusion ratg#fiscted bycoating thickness, soll
temperature, soil moisture aadil N concentration gradienghich also governs plamgrowth.

Generally, controllegelease fertilizers have reduchl,O emissions in various
agronomic systems compared to quielease fertilizers. Nitrous oxide production immediately
after fertilization was initially lower in barley plots treated with PCU compardilase treated
with urea with or without the nitri¢ation inhibitor dicyandiamide on a clayey soil in Colorado
(Delgado and Mosier, 1996). However, 60 to 80 days after fertilization te@akMissions were
higher in the PCUreatedplots compared to urea alone (Delgado and Mosier, 1996). Halvorson
et al.(2008) also recorded greater spikes goNmissions with application of urea than with
PCU fertilizers in irrigated corn in Colorado. Similarly, Shoji et al. (2001) reported PCU applied
to irrigated barley in Colorado reduced@emissions by 35% comparéo urea. Merchan
Paniaqua (2006) reported reduceNemissions in corn crop in Missouri with use of PCU
compared to urea in 2004, but not in 2005, the latter received less than half the rainfall than the
former year. Hyatt et al. (2010) reported redulde® emissions in irrigated potato fields in
Minnesota with use of PCU compared to conventional split applications of urea and ammonium
nitrate over thregear study.

Controlledrelease fertilizers have been shown to possibly redu@eeissions in
turfgrasssystems. Howevethe results have not been as evident as seen in agronomic systems
and very few studies exid¥flaggiotto et al. (2000) found that both SCU and urea resulted in
lower NbO emissions than ammoniumitrate, allappliedat a rate o200 ky N hatyr?tin
perennial ryegrass$n a stidy with slowrelease vs. quickelease N fertilizes; Lewis (2010)

reportedPCUdid not reduce BD emissions compared tweain bermudagrasgCynodon



dactylonx C. transvaalensiBurtt-Davy) fertilized at 200 g N halyr!. Conversely, Lemonte et
al. (2016) reported lowerJ® emissions over a 4%y sampling period from PCU compared to
urea,when both werapplied a200 kg N ha yr! to a mixed stand of Kentucky bluegrass and
perennial ryegrass. The high rate200 kg N ha yr! applied as urea may have influenced the
results from this study since it is well above the recommended rate to apply at one time. Also, in
their study, NO emissions were only measured for 45 days, which may not have been enough
time for the PCU fertilizer to reach full nutrient releabl®wever, in theabove studieby Lewis
(2010)and Lemonte et al. (2016&¥timates of annual® emissions were not possible because
measurements were only collected during the growing seasoshot-designated period

Over a onegyear period, Gillette et al. (2016) evaluated the effects@henissions of
three different slowand controlleerelease fertilizer§(ureawith nitrification and urease
inhibitors, which inhibit microbial and enzyme agty), a controlled release; PCU, and a
reactive slowrelease(methylene ureavhich is influenced by microbial activily All three of
these fertilizers wereach applied in three applications for a total of 150 kg Ayind on two
different golf couse mowing heights (fairway and rougRplymercoated urea at fairway
height, and methylene urea and PCU at the higher nmagting heighiemitted the lowedN>0O
(Gillette et al., 2016). Furthermore, all three slow and controbézhse forms of N fertitierhad
higherN20 emissions thaanfertilized turf No quickrelease fertilizer was included for
comparison in Gillette et al. (2016) since the ureatment containegitrification and urease
inhibitors and the methylene urea was a reactive-sid@asdorm. Results from this previously
mentioned study and along with other past research, including samaiesis of published field
experimentsall concluded that urease inhibitors are ineffective in reduci@ émissions in
agricultural soils (Dobbierad Smith, 2003; Gillette et al., 2016; Hiroko et al., 2010). In the study
by Gillette et al. (2016), the controlledlease PCU along with the two sleelease nitrogen
forms were applied at three fertilization timings in June, July, and September. Farther
application timing and frequencies of PCU in the study is questionable due to the product
longevity (average number of days for nutrient release) is not mentioned. Controlled and slow
release forms of N fertilizer are more expensive but are utilizéte turf industry for the
advantage of providing temperatidgven nutrient release; thus, fewer applications may be
necessary. These controlleahd slowrelease forms N fertilizer, especially the PCU would most

likely be applied in a single applicati once a year, not three timings over a-da9 period.



Overall,relatively little work has been done to investigate effettontrolledrelease
fertilizerscompared to quickelease fertilizersn NbO emissions in turfgrass systenbese
controlledreleasdormsof nitrogen mayslow the processes of nitrificati@nd denitrification,
thus reducing emissions NEO.

Typically, a relatively small percentage of the applied N fertilizer is lost@sthrough
denitrification. Past studies have reportetitd.4.8% of various applied quicand controlled
release N fertilizer sources were lost\a® in turfgrass systems (Gillette et al., 2016; Horgan et
al., 2002; Kaye et al., 2004; Lewis, 2010; Lewis and Bremer, 2013; Maggiotto et al., 2000).
These previos findings are similar to the reported percentages lost@drdm applied
fertilizer on different agricultural land86uwman 1994; Bouwman et alL995 Clayton et al.,
1997; Mosier and Hutchinson, 1981; Mosier et al., 19§8aSaloet al., 2004; Wager-Riddle et
al., 1997; Webb et al., 2@) Future research should investigate more effective N fertilizer
sources, such as controlteglease N fertilizers combined with improved irrigation techniques

and timing to minimize the loss as® and maximize lant uptake.

Long-term Cumulative Nitrous Oxide Emissions

There have only been a few studies in turfgrass that have meas@euriissions over
an entire year or multiple years to calculate annu@l dimissions (Bremer, 2006; Gillette et al.,
2016; Groffman et al., 2009; Kaye et al., 2004; Lewis and Bremer, 2013; Tows&eatl et al.,
2011).Studies that havenly been conducted over a relatively short time period cannot
accurately calculatestimates odnnual NO emissionsTo account for seasonal andarannual
climatic variability, asampling frequencgf continuouslaily measurements or at least constant
periodic measurements over at least one year or multiple iggaguired Annual N>O
emissions in three ffertilized turfgrass species fluctuatedtween years based on changes in
soil moisture and temperature due to interannual climatic variability (Lewis and Bremer, 2013).

Lewis and Bremer (20)3&lso foundclearintra-annualdifferences in MO emissios
between warmand coolseasonurfgrasseslue torecommendedifferences in seasonal
fertilization timings Regardless, there were no significant differencesimulativeemissions in
that study, which ranged from 2.38 to 3.36 k@OMN ha' yr! in bermudagrass, perennial
ryegrass, and zoysiagg@&oysia japonicébteud.) (Lewis and Bremer, 2013). Cumulative
annual NO emissions ranged from 1.01 to 1.65 k@M ha’ yrt in a perennial ryegrass stand

fertilized with different N sources and amounts (Bremer, 2006). In a perennial ryegrass fairway
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(12.9cm mowing height)Gillette et al. (2016) reportedimulative annual pO emission®f 2.3
kg N2O-N hat yr from PCU, which was significantly lower than battea with nitrfication
and urease inhibitomnd methylene ure#.5 and7.6 kg NO-N hat yr?, respectively. However,
when the same treatments were investigated at the same time in a Kentucky bluegrass stand at
6.35cm height Gillette et al. (2016)eported cumulative annulkO emissions ©02.4, 1.50, and
1.49 kg NO-N ha? yrfor urea withnitrification and urease inhitars, PCU, and methylene
urea, respectively.

Cumulative NO emissionsverecomparable between turfgrass and@agtural
ecosystems according several studies (Kaye et al., 2004; Townsend et al., 2011). Kaye et al.
(2004)reported wanKentucky bluegraswns which occupied.4%of the studied.578km?
in Colorado,contributel up to almost 30% of the total regiondpO emissions. In their-Year
experiment, turfgrass 0 emissions were comparable to irrigated corhdakg NbO-N hat yr.,
However, turfgrass annuab® emissiongkg N.O-N ha' yr) were 10 time&igherthan native
grassland andheatfallow soils(Kaye et al., 2004). In a study in Californianaal NO
emissions were 1.8 to 2kg N,O-N ha! yrtacress multiple turfgrass lawns and athletic fields
comprised of mixtures d&ll fescue, perennial ryegrass, and bermudagnégated daily;2.2 kg
N20O-N hat yrtfor multiple corn fields irrigated weeklygnd 1.2kg N>O-N ha? yrfor a field of
five rotated row crops all fertilized and irrigated identically by drip irrigation [cel&pimL.),
tomatoes $olanum lycopersicuin), carrots Daucus carotd..), beansPhaseolus vulgarig.),
and alfalfa] (Townsend et al., 2011). The previous study repsirt@thr annual MO emissions
among turfgrass, corn, and row crop siédthough different fertilizettypes, application methods,
and ratesvere implemented at each sfieownsend et al., 2011). In another study comparing
land cover types, Groffman et a2009) reported minimal differences in annual emissions
between urban grasslands and neighboring forest sites in Maryland. The annual emissions for the
urban grasslands consisting of Kentucky bluegradisfescue, fine fescué&¢ésctuca spp and
white clover (Trifolium repen$ and neighboring forest sites ranged from 0.5 kg 8O-N hat
yr! (Groffman et al., 2009).

Annual NbO emissions in turfgrass systems mentioned abewerally ranged from 1 to
3.5 kg NO-N hat! yrtacross various turfgrass spescand under different fertilization regimes
(Bremer, 2006; Gillette et al., 2016; Groffman et al., 2009; Kaye et al., 2004; Lewis and Bremer,
2013; Townsenddmall et al., 2011)However, annual O emissions have also been reported up
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to 7.6 kg NO-N ha' yrtin a perennial ryegrass fairway in Coloraddich the researcher
speculated was due to environmental conditions of warm surface soil temperatures and high
WFPS after fertilization that were favorable for a rapid release©f(Sillette et al., 20@&). The
annualN20O emissions in turfgrass systems reported herein are simitarlower tharother
agriculturalland[e.qg. fertilizedpasturesbarley, alfalfa, canola, corn] (Duxbury et al., 1982;
Sehy et al., 2003; Sysalo et al., 2004; Tilsner et @22003; WagneRiddle et al., 1997More
specifically, over a dear periogdClayton et al. (1997) reported annual emissions of 0.69 to 5.2
kg N20-N ha! yrtin silage cut perennial ryegrass grasslands in Scotland receiving three
fertilizer applicationger year of either ammonium sulfate, urea, calcium nitrate, or ammonium
nitrate for a total of 36R@g N ha! yr. The following year at the same site as Clayton et al.
(1997), Smith et al. (1998) recorded emissions of 1.RXN ha' yrtin silage cuperennial
ryegrass grasslands fertilized with ammonium nitrate akg@9 ha' yr. Therefore, the-gear
mean for the grassland fertilized with ammonium nitrate was 2.2Nb®eN ha' yrtand
reported differences were attributed interannual climati@bgity (Smith et al., 1998). Dobbie
et al. (1999) reported annuat® emissions over aear period at the same site studied by
Clayton et al. (1997and Smith et al. (1998) ranged from 1.9 to 18.4k3-N ha' yrtin cut
ryegrass fields receivingramonium nitrate at 220 to 32@ N ha' yr!; however significant
seasonal flux variations resulted due to wet and dry periods of weather. In the previous two
studies, annual emissions of@®Ifrom arable crops were recorded at 1.2 tokd.RO-N hat yr-
Lfor potato, 1.Z«g N2O-N hat yrfor oilseed ape Brassica napus.), 9.1 to 12.kg NoO-N ha
Lyr!for broccoli Brassica oleraced.), and less than 1 Kg.0-N hat yrfor spring barley and
winter wheat Triticum aestivuni.) (Dobbie et al., 1999 mith et al., 1998). In ayea study
in the United Kingdom, emissions ob@® were reported belowky N-O-N ha? yrfor several
cereal crops, sugar bg@&eta vulgarid..), potato,and linseedLl(inum usitatissimuin(\Webb et
al., 2004).

Turfgrass gstems covering a substantial area of largldomparable cumulative annual
N2O emissions with agricultural systems. However, only a few turfgrass studies exist in which
fluxes were intensively measured over the entire year for at least one or multigléoylea able
to calculate accurate annuallemissions among species and management regimes, which may
vary widely. Therefore, it is essential to continue research and analyze how turfgrass systems

contribute to the overall global GHG budget and investignethods to redu®&O emissions.
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Modeling Nitrous Oxide Emissions

Continuation of direct BD measuremen(®.g. biweekly or weeklypverthelong-term
to calculate total inventory can be expensive and time consuming. Therefore, the use of model
simuationsdeveloped fronpast agricultural and turfgrass studies have been investigated as
another way to predict total inventaoytrace gas emissions, carbon and nutrient cycéing
otherplant productiorfactors.

Model simulations of carbon and niteg cycling(sequestration and decompositiam)
plant ecosystems can provide predictiohplant growth, soil carbon dynamics, nitrogen
leaching and trace gad\>O, NO, N, ammonia KNHz), methane CHs), COy] emissions. These
model simulations are based severatecordednput variabledor a giventime, whichcan be
broadly grouped intthefour parameters of climate, soil, crg@ant) and management.

Few studies have estimatedrbon cyclingn turfgrass systems hysingmodel
simulations such asiie CENTURY model and the CranTurfC model (Bandaranayake et al.,
2003; Batlett and James, 2011; Qian et al., 2003; Zirkle et al., 2@bt)even fewer studies
have simulated potential-® and other trace gas fluxes in turfgrass systemsimgmodel
simuations such as the DAYCENT model and th&lDC (i.e., DeNitrificationDeComposition)
model (Gu etl., 2015; Zhang et al., 20132013b).

The CENTURYmodel (Parton et al., 1987) is a biogeochemical modehtsabeen used
in agricultural systems to sirfaie longterm changes in soil organic carbon and nitrogen,
nutrient cycling and plant productionflhe CENTURY model operates on a monthly tigtep,
which is useful in agricultural systems, but can be a limitation in successfully simulating
turfgrass maagement practices thate conducted on a weekly or daily basisg;h as mowing
and irrigation(Zhang et al., 2013a). The DAYCENT model is a variation of the CENTURY
model,although datanput and output is scheduled on a déihye-step, which is a fineime
scale than the CENTURY mod@el Grosso et al., 2001; Parton et al., 19988 200)).

TheDAYCENT modelis a proces®ased model thdtas been successfully utilized in a
variety of ecosystems, including turfgrass (Del Grosso et al.,, 2006;Li et al., 2006Parton
et al., 2001Pepper et al., 200Zhang et al.2013a, 2013b). Zhang et al. (2013a, 2013b) applied
the DAYCENT model to past research of observe@ Emissions from Bremer (2006) and
Kaye et al. (2004)The DAYCENT model initially oerestimated BD emissions by about
200%, but once adjustments were made for biological nitrification inhibition in the root exudate
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of perennial ryegrass then estimate®Nemissions were within 8% of the observed values
(Zhang et al., 2013bJ.he DAYCENTmodel simulated annual cumulativeQlemissionsn
Kentucky bluegraswithin 16% of the observed valuegKaye et al. (2004(Zhang et al.,
2013).

The DNDC (DeNitrification DeCompositiong a procesdased modehathas been
widely used. It is capablef simulating NO and CH, and CQ fluxes, along wittcarbon
cycling, NHs volatilization, NG leachingand other mp production factors (Li et al1992,
1996, 2001).The DNDC model has only been implemented in one turfgrass saudgt(al.,
2015. The predicted NO emissions from the DNDC model at three sites generally matched the
observed MO fluxes and predicted loAgrm 75year average ranged from 0.75 to 3.5MN\k@-
N ha? yrtdepending on turfgrass age and lawn care practices of either mimiotsrate, or
intensive management archetypes generated from a survey sample in Nashville, TN (Gu et al.,
2015). Gu et al. (2015) reported the DNDC model simulated mgdepdaks than were
observed in the field, likely due to low field sampling frequency.

Both of these biogeochemical models (i.e., DAYCENT and DNDC) require the same soll
and environmental inputs, and will both generate outplit ghs emissions @@ NO, NH),
CHa, CO, soil organic matter change, crop production, N leaching, and rifimifever, each
model differently describes soil water routing, nitrogen cycling, and plant grdikiting
differentmodel algorithms for estimating carbon and N dynamics and trace gas emiBsions
further information, Grant et al. (2016) presented an exueteview of the model specifications
comparing the DNDC and DAYCENT modefeveral past studies have evaluated these two
models sidéby-side in agronomic systems (Abdalla et al., 2010; Grant et al., 2016; Smith et al.,
2008). Abdalla et al. (2010) repged both models overestimatedNfluxes, although the
cumulative emissions and flux patterns simulated by DAYCENT were more similar to observed
values than equivalent estimates from the DNDC model. These models, specifically the
DAYCENT and DNDC should et be further tested and possibly compared-kidside in
turfgrass systems where direct measurements@©@faxd other trace gas fluxes have been
recorded to predict lonterm impacts of different management practices (irrigation and

fertilization) on cabon and nitrogen cycling in turfgrass systems.
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Summary

Turfgrass systems atgpically fertilized and irrigatedtherefore they have tipotential
to emitN2O at similar rates as other agricultural soils and thus, play an important role in
atmospheric BO budgetsPast research has shown soil water content can greatly impact the
magnitude oN2O emitted. Therefore, further research should be conducted investigating
different irrigation techniques and timings, such as deficit irrigation and timing afikcatn
of fertilizer, to investigate their potential to reducgONemissions. Annual XD emissions
measured in managed turfgrass systems have generally ranged from 1 tolZ0BNdpat yr?
across various turfgrass species under different fertilizaégimes. Rlatively little work has
been done to investigate effeofscontrolledreleasdorms of Nfertilizers on NO emissions in
turfgrass system3.hesecontrolledreleasdormsof nitrogen mayslow the processes of
nitrification and denitrificatian, thus reducing emissions of®l

FurtherN20 research is required in turfgrass to develop management practices (e.qg.,
irrigation and fertilization regimes) that megduceemissions of BO in turfgrass systems.
Future research should be directed towésdg-term investigations of controllectlease N
fertilizerscombined with improved irrigation techniques such as deficit irrigation to minimize
N20 emissions and maximize plant nutrient uptake.

Lastly, biogeochemical simulation models that estimate tgas fluxes and simulate
long-term emissions such as the DAYCENT and DNDC models have been widely used in
various agronomic systems, but little investigation has been conducted in turfgrass systems.
There is a need to further develop and test these miodeldgrass systems where direct
measurements of X and other trace gas fluxes have bemorded to predict lontgrm impacts
of different management practicesd.,irrigation and fertilization) on carbon and nitrogen
cycling in turfgrass systems

Thereforejn Chapter 2the effecs of irrigation levels and N fertilizer types (controlied
release vs. quickelease) on PO emissions in turfgrass are investigated tqugntify the
magnitude and patterns op® emissions in turfgrasand2) determinehow irrigation and N

fertilization may be managed to reducgONemissions
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Chapter2-Ni t rous Oxi de Emi ssions and

Tur f grass: iHfafta cotns amfd INr rFer t

Abstract

Nitrous oxide(N20) and carbon dioxide (Cfpare important greenhouse gaassociated
with global climate chang&.urfgrasses sequester and e@f, and emit NO when fertilized
with nitrogen(N) and irrigatedThe cevelopment of management practisesh asise of
controlledrelease N fertilizesand/or deficit irrigation may redudeO emissions, but also
affectcarbon(C) sequestration in turf soilMy objectiveswereto: 1) quantify the magnitude
and patterns dil2O emissionsand C sequestratian turfgrass and2) determine how irrigation
and N fertilization may be managed to redue® Nuxes and enhance carbon sequestration.
N20 emissions were measured for tygars in0 Me y e r 6 z Zoysi| japoigaesSeedl.y  (
under an automated rainout shelter in Manhattan, KS using static chaimwbelsiigation levels
[66% referenceevapotranspiratiorHTo) replacement and 38 ET, replacemenrjtand thee N
fertilization treatmentsurea,polymercoatedurea (PCU)poth aplied at a rate o8 kg N hat
yrt and an unfertilized ndl (UF)] were included. Soil organic carbon (SOC) and C
sequestration rateere also measured. During twommers, MO emissions weré.3%higher
with 66% ET (2.88kg hat) than with 33%ET, (2.71kg ha'). Over the two years, cumulative
N2O emissions averaged06kg ha' in UF turf, 4.5kg ha' in PCUtreated turfand 5.6Xg hat
in ureatreated turfeach statistically different from one anotiier< 0.01). A higher input
management schedularéa + 66% EJirrigation treatment) did not increase C sequestration
compared with a low input management schedule (no fertilizer + 33%srig/Rtion treatment)
and theC sequestration ratgas0.952 Mg C ha yr? for zoysiagrass when averaged across
management schedules and depResults from this studindicate the use of a controlled

release fertilizer, such as PCU, and/or lower irrigation rexiNg® emissions in turfgrass.
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Introduction

Nitrous oxide (NO) and carbon dioxide (Care importangreenhouse gas€SHG)
associated witlglobal climate change. Nitrous oxide has been labeled as potentially the most
ozonedepleting gas and has also been reported to be 310 times more effective at trapping
longwave radiatiomn the atmosphere th&0;, (IPCC, 2007; Ravishankara et al., 2009). These
greenhouse gases are natural and anthropogemimdycts Agricultural activities (soil and
animal manure management) account for up to 60%0fémissions and have increased by
17% from 1990 to 2005 (Smith al., 2007; IPCC, 2007). Humafertilizing agricultural land
with nitrogen (N)areresponsible for significant amounts of thegONemitted into the atmosphere
each year (Mosier et al., 1998), including in turfgrass systems (Bremer, 2006; Horgan et al.,
2002; Kaye et a].2004; Lewis and Bremer, 2013; Maggiotto et al., 2000, Ryden, 1981).

Urban expansion has resulted in irrigated turfgrass covering an estimated 16 to 20 million
hectares in the United States (Milesi et al, 2005). The turfgrass indussigtsasf home lawns,
commercial properties, golf courses, parks, athletic fields, and roadsides in the United States.
There is an estimated 2.56 million hectares of intensivelpaged turfgrassn golf courses
worldwide (Bartlett and James, 201Gplf caurses, home and commercial lawns, athletic fields,
and other turfgrass areas are commonly irrigated and receive nitrogen fertilizer and thus, may
contributesignificanty to the global GHG budget.

Hi gher soil water <con-filechtporad ssop acdde r(rwWRP 3)
afterfertilization may be a key driver in amplifiecc® fluxes. Soil water content greatly
influences the processes of nitrification and denitrification in thewsbith can result in pO
fluxes(Christensen, 1983; Davids, 1991; Firestone and Davidson, 1989; Ryden, 1981). Past
N20 research in turfgrass has showsONemissions typically increase aftéffertilizer
applications and precipitatiar irrigation (Bijoor et al., 2008; Bremer, 2006; Lewis, 2010;

Lewis and Breme 2013; Lu et al., 2015). Conversely, others have reported that higher WFPS
did not always enhance-® production in turfgrass systems (Li et al., 2013; Townsgmdll et

al., 2011) Further research on the effects of irrigation quantity or frequen®O fluxes in
turfgrassis required.

Increasd N2O fluxes hae been reported immediatedfter nitrogen fertilization
(Bergstrom et al., 2001; Bremer, 2006). The majority of turfgrass studies measg@ng N

emissions have concentrated on quielease fertizers such as ammonium nitrate, ammonium
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sulfate, calcium nitrategndurea.Little researcthas been done on the influence of contrelled
release (slowelease) Nertilizers on NO emissions in agricultural systems, and eessin
turfgrass systems (Sdgr et al., 2009). Nitrous oxide emissions may be reduced with the use of
controlledrelease N fertilizers [polymeroated urea (PCU), and sulcwated urea (SCU), and
others] by reducing the amount of N in the soil that is available to denitrify. Thitusiah rate

in coated fertilizers affected bycoating thickness, soil temperature, soil moisture and soil N
concentration gradient, which algovernsplant growth. Generally, controlle@lease fertilizers
have reducgN2O emissions in various agronansystems compad to quickrelease fertilizers
(Delgado and Mosier, 1996; Halvorson et al., 2008; Hyatt et al., 2010; MeParmaaqua, 2006;
Shoji et al., 2001).

In turfgrass systemshelittle researchthat has been conducted regardimg effects of
controlledrelease fertilizersn N2O fluxes has indicatedhixedresults Lewis (2010) reported
PCU did not reduce XD emissions compared to urea in bermudagf@gsddon dactylon C.
transvaalensi8urtt-Davy) fertilized at 200 kg N hyr?. Conversef, Lemonte et al. (2016)
reported lower BO emissions by PCU compared to ureben both werapplied at 200 kg N
halyr!to amixed stand of Kentucky bluegraéoa pratensid..) and perennial ryegrass
(Lolium perennd..), andsampled over 48ays. In the above studies by Lewis (2010) and
Lemonte et al. (2016¢stimates of annual® emissions were not possible because
measurements were only collected during the growing season or -@ssigriated period.
Maggiotto et al. (2000) found that both SCU amea resulted in lower J emissions than
ammoniumnitrate appliedatrates up to 200 kg N Hart in perennial ryegras©ver a oneyear
period, Gillette et al. (2016) evaluated the effects g0 Bimissions of three different sloand
controlledrelease fertilizerd(ureawith nitrification and urease inhibitarg/hich inhibit
microbial and enzyme activitya controlled release; PCU, and a reactilowrelease;
(methylene urea, which is influenced by microbial activitiy] three of these fertilias were
each applied in three applications for a total of 150 kg Ayia on two diffeent golf course
mowing heightsfairway (1.6-cm) and rough(6.35cm)]. Polymercoated urea at fairway height,
and methylene urea and PCU at the higher rangiving heght emitted the lowest pO
(Gillette et al., 2016). Furthermore, all three slow and controbézhse forms of N fertilizer had

higher NO emissions than unfertilized turf. No quinidease fertilizer was included for
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comparison in Gillette et al. (2018ince the urea treatment contained nitrification and urease
inhibitors and the methylene urea was a reactive-skb@ase form.
There have only been a few studies in turfgrass that have meas@euriissions over
an entire year or multiple years, whialows calculation odnnual NO emissions (Bremer,
2006; Gillette et al., 2016; Groffman et al., 2009; Kaye et al., 2004; Lewis and Bremer, 2013;
TownsendSmall et al., 2011). Studies conducted over perafdess thaomneyear(e.g., only
during the graiing seasongannotprovideaccurateestimates oannual NO emissionsTo
obtain the lattergontinuous, dailyor at leasfrequentperiodic measurements over one yisar
required. Furthermorenultiple yearsmay beimportant to account for seasonal amigrannual
climatic variability when calculating cumulative annualONemissions in turfgrass systems.
Annual NO emissions ithreeN-fertilized turfgrass species fluctudtketweeryears based on
changes in soil moisture and temperature due to inteshchmatic variability (Lewis and
Bremer, 2013).
Cumulative NO emissionsre similarbetweensometurfgrassspeciesand agricultural
ecosystems (Kaye et al., 2004; Townsend et al., 2@8hhual NO emissions in turfgrass
systems havgenerally rangeffom 1 to 3.5 kg MO-N ha! yrtacross various turfgrass species
and under different fertilization regiméremer, 2006; Gillette et al., 2016; Groffman et al.,
2009; Kaye et al., 2004; Lewis and Bremer, 2013; Town&mdll et al., 2011)However,
annu&N20 emissions up to 7.6 kg8-N ha? yr! occuredin a perennial ryegrass fairway in
Coloradq which the researcher speculated was due to environmental conditions of warm surface
soil temperatures and high WFPS after fertilization that were favorabieripid release of
emissionqGillette d al., 2016).The annual emissions turfgrass systems reported heraip
similar to or lower than other agricultural land [e.g. fertilipadturesbarley(Hordeum vulgare
L.), alfalfa(Medicago sativd..), canola(Brassica napus corn(Zea mayd..)] (Duxbury et al.,
1982; Sehy et al., 2003; Sisalo et al., 2004; Tilsner et al., 2003; WagRatdle et al., 1997).
Research by others has indicated that turfgrass may sequester atmospheric carbon (C)
(Qianet al., 2010), including that on golf courses (Qian and Follett, 2002). The ability of
turfgrass to sequester carbon is significant because the removal of atmosphdrycn@i@ons
of hectares of turf may help to mitigate climate change. Carbon sexjigstesults when more
COz is removed from the atmosphere via photosynthesis than is returned to the atmosphere via

respirationt he fAsurpluso C is sequestered in the
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applied to turfgrass during dry peds, affects photosynthesis and respiration, wiikety
impacts C sequestration. In seanid Colorado, C sequestration was greater in irrigated than in
norvirrigated fine fescuéFesctucaspp.)(Qian et al., 2010). Littleesearch has been conducted
to document specific effects of irrigation levels offditilization types on C sequestration in
turfgrass, or that identify potentially optimal irrigation and N regimes for sequestering C in turf.
Contributions ofN.O and CQ fluxes from turfgrass should lwensidered because they
may have significant impacts on glolizaiHG atmospheric inventories. Therefore, it is essential
to investigatenow turfgrass systems contribute to the overall global GHG budget and investigate
methods taeduce NO emissions and eahce C sequestratiofurfgrass management practices
such as usingontrolledrelease fertilizers combined with improved irrigation technidees,
deficit irrigation) may reducéN>0 emissionsand maximize plan€O; uptake. The development
of managemerntractices that reduce- emissions from turfgrass and enhance C sequestration
in turf soils may help mitigate climate change and atmospheric ozone destruction.
Therefore pbjectivesof this studywere to 1) quantify the magnitude and patterns of
N20 emisions and C sequestration in turfgraesd2) determine how irrigation and N
fertilization may be managed to reducgONluxes and enhand@ sequestration.

Materials and Methods

Study Site

This field experiment was conducted fro Rug. 2013 to 19 Oc2016under an
automated rainout shelter (12 by 12 m) at the Rocky Ford Turfgrass Research Center in
Manhattan, Kansas USA (39A 1306 530 Nyclap6A 3456
loam (fine, smectitic, mesic Aquertic Argiudolls). The rainchelter was stationed north of the
experimental area and upon detection of 0.254 mm of precipitation, would deploy and cover the
experimental area in less than enaute andhenretractl hourafter cessation of rainfall.

O0Meyer 6 z4oysisjamngaStesdswag sodded on 4 June 204Bh the north
and south ends of the plot area bordered with metal edging (10 cm depth)sikplgts
measuring 1.14 by 1.23 m veeestablished 5 Aug. 20H3d were maintained at a 2.54 cm
mowing height with a w&tbehind noAmotorized reel mower.

Fungicide applications for preventing and controllRigjizoctonidarge patch
(Rhizoctonia solankihn Anastomosis Group (A&-2 LP) included flutolanil, N3-(1-
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methylethoxy) phenyip-(trifluoromethyl)benzamide (Prosta0WG,Bayer Environmental
Science, Research Triangle Park, N€3.69 kg a.i. Aon 14 Sept2014, 19 Sept. 201%5nd 8
Sept. 201@&nd propiconazole,-fI2-(2,4-dichlorophenyl4-propyl-1,3-dioxolan2-yljmethyl]-
1H-1,2,4triazole (Lesco Spectator Uitrl.3, Lesco, Inc., Cleveland, OH) at 1.78 kg a:t. v
17 Apr. 2015

Insecticide applications for controlling billbug grul&pbenophoruspp) and white
grubs Phyllophagassp.) andQyclocephala luridéBland) includedmidacloprid, 3[(6-Chloro
3-pyridinyl)methyl]-N-nitro-2-imidazolidinimine (Merit 0.5 G, Bayer Environmental Science,
Research Triangle Park, NC) at 0.37 kg a.it ba 13 July 201%rd 22 May 2016

Treatments

Two deficit irrigation treatments, replicated 6 times each, were appl@dt®in a
randomized completblock design. The two deficit irrigation treatmentere a medium, 72%
reference evapotranspiration (§feplacementrad alow, 54% ET, replacement. In 2014,
researchers observed minimal drought stress at the two deifgation levels. Therefore, in
2015 the medium andw deficit irrigation levels were reduced to 68%dahd 45% EF
replacement, respectivelgoin 1 June to July 18nd then to 66% Eland 33% E¥replacement,
respectively fom 20 July to 1 Septn 2016, irrigation levels remained at 66% and 33%,ET

The automated rainout shelter was activaladng the summer from 1 June to at least 31
Aug. Irrigation amounts were calculatégdm daily ET rates using the American Society of Civil
Engineers (ASCE) staaddized reference evapotranspiration equation (Walter et al., 2661)

datafrom anon-site weather statiofavailable athttp://www.ksre.ksu.edu/willlrrigationwas

applied by handavith awatering wand atta@d to a hoseral meter (Model 03N31, GPI, Inc.,
Wichita, KS) twice a weekom 1 June to 11 Sept. 2014 (106 d) and 1 June to 1 Sept(ZD15
d). For better precisioof the effects of irrigation on XD emissionsirrigationwas applied
separately to thbase collawithin each plot with a graduated bottle from 1 June to 2 Sept. 2016
(93 d) The plots themll received adequate irrigation and any odogyprecipitation from
Septembethrough May when the rainout shelter was not activated

Three fertilize treatments, replicated 6 times each, were applied to plots in a randomized
completeblock design. The three nitrogen fertilizer treatmémtfuded:1) polymercoated urea
(PCU) (410-0; 90-day releaseROLYON SGN 150, Koch Agronomic Services, LLC, Wiehi
KS) applied onceat the beginning of summer for a totdl98 kg N hat yrl; 2) urea (460-0;
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Thrive Branded Fertilizer, Mears Fertilizer Inc. El Dorado, KS) applied at a rd&af N ta!
at the beginning of summer and again at-suchmer for a ttal of 98 kg N ha yr!; and 3) an
unfertilizedt ¢ o n t F)aekcedving N N fertilizer. For precision, fertilizer amounts for the plot
area and its respective base collar area were separately measured and applied-bliakband
jar. Fertlization date were 1 Junand 21 Julyn 2014; 2 Junand 16 dly in 2015; and 6 June
and 20 Julyn 2016. After fertiliation plots were individually handiateredas describedbove
with respect to its corresponding irrigation treatment to incorporate fertilizethiatsoil and
reduce ammonia volatilizatigiBowman et al., 1987)rrigation amounts for the medium and
low ET, treatments immediateBfterfertilization were 5.7 mm andl1.7mm in 2014; 12.7 mm
and 8.6 mm in 2015, an@¥ mm ands.4mm in 2016, resptively.
Nitrous Oxide Measurements

Fluxes of NO were measred from Oct. 2014 through O@016 using static, vented
poly-vinyl chloride (PVC) chambers (%#&n high by 26cm diameter) using the method
described by Hutchinson and Mosier (1981; Mosiex.et1991, 1997; Kaye et al., 2004). The
static chambers used in this study were the same as used in previous studies (Bremer, 2006;
Lewis and Bremer, 2013oly-vinyl chloride base collars (anchors) were installed randomly at
one locatio within each plobon 2 Oct2014 for the first year of measuremis and then reset on
6 Oct. 2015or the second year of measurements. The PVC base collars were driven
approximately 7 cm into the soil. Turfgrass within the base collars was maintained at the same
height aghe rest of the plot. Emissions of@®tN were measured at least once weekly during the
growing season from May through September and once everyezks during winter dormancy
from October through April. Measurements occurred more frequently surroueditigation
events in the summer®-N fluxes were measureat1 day, 3 days, (also 5 days, 2016 only)
and 7 days after N fertilizatio@n measurement daysagygsamples were collected between 0700
to 1100 CSTON measurement days, chambers were iestalh the base colland a airtight
seal was maintained with closedll weather stripping between the chamber and collar and with
a tight rubber sleeve covering the outside perimeter of the junction between the chamber and
collar. Immediately after a @mber was installed on the base col&mL gas samples were
removed from inside each chambath 30-mL polypropylene syringeafter 0, 20and40
minutesandimmediatelyinjected into preevacuated 1-InL Labco Exetainer vials (Labco

Limited, United Kirgdom) with Labco grey butyl rubber septa. Gas samples were transported to
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the laboratory and XD concentrations were determined by gas chromatography (GC) using a
Shimadzu Model 14B GC (Shimadzu Corporation, Japan) equipped with a NicR&NH3 (
electroncapture detector and Porapak Q column (3.175%m@iam. x 1 m, 80/100 mesh).
Before samples were measurbd GC was calibrated using analytigahde standards

containing 0.2, 2.15, 3.5, and 15.3 parts per millieg® N>as samples weamalyzed genaily
within 2 to 48 hafter each sampling campaigxitrous oxide flux data from each plot on each
measurement day were evaluated to enswproper flux calculation method was selecaedl
thenflux rates were calculatagsingeither ainear regressioflux calculation methoar the fux
calculationmethodin equation 2.Jlasdescribed by Hutchinson and Mos{@e81) anl Mosier et

al. (1991):

0 0Qda 6 ® [ [2.1]

whereV is the volume of the enclosed aiithin chamberA is the ara of the soil coveredzo,

C4, andC; are the chamber headspace concentrations at timtie0 min), andz (40 min) A
linear regression flux calculation method was applied if a rejection criterion was met using
equation 2 as described iRarkin etal. (2012) and Venterea et £009)

n —— p [2.2]

wherevariables have been previously described ablgvei mum positive and negativeetection
limits for each measuremedte were determinagsing the methe described by Parkin et al.
(2012).Across all 69 measurements datesrtiieimum positiveand negativeletecton limits for
the Hutchinson and Mosig981)methodranged from 6.3 to 1646g N.O-N m?h! and-16.6 to
-6.3pug N2O-N m2h?, respectivelyAppendix Table A.1)Theminimumpositive and negative
detection limits for the linear regression method ranged from 1.6 {ogAkO-N m2h! and
-4.1 to-1.6 ug N2O-N m2ht, respectively (AppendiXable A.1).Based on past research by
Gilbert (1987), all measuredux values in this study were useden if it fell below the
minimumdetection limit (or within theletection limit band), which ithe least biased course of
action.

Cumulative annual emissions of@®N were calculated as the sum b toutputs of flux
rates on each measurement date and the number of days between adjacent measurement dates.
Annual emissions were estimated by using interpolation between sampling points using equation
2.3 as described in McGowan (2015):
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whereF; andFi«1 were the NO-N fluxes kg ha! day?) at sampling pointsandi+1; ti andti+1
were the sampling dateday of yearat sampling pointsandi+1; andn was the number of
sampling points taken in a given ye@umulative NO-N emissions were first calculated for
each plot, and treatment means were then obtained by averagogrtbkative emissions from
all plots within each treatmerinnual NO-N emissions were calculated from the estimated 365
days for the first calendar year from measurement dates of 29 Oct. 2014 to 5 Oct. 2015 and from
the estimated 366 days for the secoaléndar year from measurement dates of 26 Oct. 2015 to
6 Oct. 2016. Overall cumulativeo®-N emissions for the entire study were estimated by
combining both sampling years (Oct. 2014 to Oct. 2016). For each year and the total of both
years combined, cumative summer BD-N emissions were calculated for the summer period
from 2 June to 31 Augvhen the automated rainout shelter was activatetithe irrigation and
fertilizer treatments were applie@ihis was to evaluate the effectsmigation on NbO
emissions.These cumulative dD-N emissions for the summer perigd better indication of the
effect of irrigation treatment on emissions since this is the only time irrigation treatments
are being applied during the study.

Ancillary Measurements

Weatherdata was collected from an-site weather station positioned in full sun within
50 m of the study are®n each gas sampling dat@lumetric soil water content, soil
temperature, and sdlOz-N and NH*-N were measured/olumetric soil water conterftl) was
measure@nd averaged over 5 locations per pdoa depth of 7.6m usinga FieldScout TDR
300 Soil Moisture MetefSpectrum Technologiefnc., Aurora, IL). Waterfilled pore space
(WFPS) (v ) was calculated from volumetric water content byatigun 24 as described in
Maggiotto et al. (2000):

w00 "Yp T [2.4]
where U i s t K0e480coenmd)l To pstimatt] seilpulkadensity) n) was
calculated from soil samplesken at random locations at 0 to 5 cm and 5 to 10 cm.

Soil temperaturgvas measured once in each @bt depth of.6 cm using digital soil
thermometers (201®igital T-bar thermometeArgus RealcoldProperty Ltd., Coopers Plains,
Australig 2016: DT3DLAB Lab Digital Stem ThermometeGeneral Tools & Instruments
LLC., New York, NY). One soil sample frothto 12.7cm, with the gass and thah removed,
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was collected from each plot atested for NH", and NQ" concentratior{Soil Testing
Laboratory, Kasas State University).

Mowing frequency of each plot was recorded for the entire 2015 and 2016 growing
season. Every 4 to 7 days, grass height was measured at four random locations within each plot.
If the grass height was3.8 cm in at least one of folocations within a plot, that plot was
mowed on that day. A maximum height of 8r@8 was established for the 2:6fh mowing
height due to general guidelines of not removing more than 1/3 of the turfgrass canopy (Hoyle,
2017; Law et al., 2016). Cumulatineowing frequency wasummedseparately foeach plot
andtreatment means were thealculated. Irrigation frequency of each plot was also recorded.

Visual turf quality (VQ) of turfgrass plots was rated weekly from-iviigy through mid
September on a 1 scalg(1 = poorestjuality, 6 = minimally acceptable, and 9 = highest
quality) according to color, texture, density, and uniforr{prris and Shearman, 1999).
Percengreen cover (PGC) was measured by takidgydal photograph with a Nikon D5000
digital camera (Nikon Inc., Tokyo, Japan) of each pleeklyusing a lighted camera bo%1( cm
X 61 cmx 56 cn) attached with a custom pink template border which provided an area of 48 cm
x 25.4 cm of each ploThe camera was adjusted to manual settrigsstop of 5.6, 1/125 sec
exposure time, and 800 1S€peed. Images were analyzed with SigmaScan Pro 5.0 (ver. 5.0,
SPSS Science Marketing Dept., Chicago, I L) wus
for three separate runs to account for temm@ategreen turf pixel@archer and Richardson,

2005) To determinggreen pixels, the macro threshold settings were adjusted to hue 2@5 to
and saturation = 0 to 100 (Scan 1). fnplate pixels, the macro threshold settings were
adjusted to hue = 0 82 (Scan 2) and again at hue = 108 to 2&&an 3) both at a saturation =
0 to 100.These threshold settings allowed for estimatiopixéls, expressed as percentage of
green turf colofor each plotcalculated foeach image by using equati@r:

0 Qi w0t Q& E U @i [2.5]
where scan 1 pixels is the number of greeelp, total image pixels is the number of pixels for
the entire image, and scans 2 and 3 are the total number of pink template pixels.
Soil Carbon Measurements
Soil carbon (C) was measured in plots from two management reginreast 66% EJ,
designateés high management input schedule (HMI); anféilized + 33% ET, designated

as low management input schedule (LNM8yil C measurements were limited to two treatments
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to minimize disruption of the relatively small plots. On 22 Aug. 2013 (79 d aftelirsg) and 19

Oct. 2016 (1233 d after turf establishment) soil was sampled from four plots each (four
replications) of HMI and LMI by first removing the plant material from the soil surface and then,
using a flatbladed shovel, undercutting and removing $oil from depths:-Q00, 1620 and 20

30 cm by similar methodologies as Qian et al. (2@H@) Folldt et al. (2009)Soil bulk density

(1) samples\{olume of the soil core was 137.267) were also collected from each soil depth
zone mentioned above. Sbillk density(g cn®) was determined bygeiation2.6 in in

accordance tQUSDA-ARS and NRCS, 2001)methods

"YEaE0 0@ G w— [2.6]
After } » samples were collected they were dried foraedair oven for 48 tat 105°C and then
weighed separately to determine dry weighe ®il core (2.54 cm diametewas obtained at
eachdepth from within each plot, for a total of three subsampleplperSamples were analyzed
for total soil organic carbon (SOC) and tatall organic nitrogen (SON) (Soil Testing
Laboratory, Kansas State University). Soil carbon/nitragéin (C/N) was determined from
SOC and SON. The annual chyalpwaecalculatedSranCthe( (S OC)
difference betweethe2013 and 2016 samples.

Statistical Analysis

Differences in reported variables were evaluateaiglysis of variace ANOVA) using
PROC GLIMMIX of SAS (SAS 9.4, SAS® Institute Inc., Cary, NC, USApalysis of variance
of daily N2O-N fluxes, cumulative BD-N emissions, WFPS, soil temperature, soilsN®, soil
NH4*-N, VQ, PGC and mowing frequency was conducted farhegear, with fertilizer,
irrigation, and fertilizer x irrigation as fixed effects and block as a random effect. Means were
separated using Fisheros prhR<t0ds).6aldrgahicast si gn
carbon SON,j», C/ N,wergp&@yzed usintpreeway ANOVA with management
scheduleyear, and depths a fixed effestand block as a random effegétfter analysis of type
[l tests for fixed effectdor SOC, SON} p, C/ N, thegpt€ fOr,slice effects arttie t test
for slicedifferenceswvere conducted utilizing @onservativdBonferroni adjustment tegbr
multiple comparisonsTests for slice effects were conducted to analyze the following:
management schedulesthin each depth x year, years within eachnagement schedule x
depth, management schedules averaged across all depths within each year, years within each

management schedule averaged across all depths, depths within each year, and years within each
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depth.Residual normality was tested with testatistic of the ShapirdVilk test using the
UNIVARIATE procedure of SAS 9.4 (Shapiro and Wilk, 1965). Correlations between WFPS,
soil temperature, and NON and NH*-N in the soil and BO-N fluxes were conducted with the
correlation procedure (Spearman)SAS 9.4.

Results and Discussion

In both years, there were more significant differencekily N.O fluxes, WFPS, and
other measured variables due to the fertilizer and irrigation main effects than due to the fertilizer
X irrigation treatment interactio(Appendix Tables A to A.18). Therefore, the two main effects
will be discussedeparately

Daily Fluxes

The fertilizer x irrigation treatment interaction was significant on only 3 of 32
measurement dates in year 1, and 3 of 37 dates in y@égp2ndixTables A2 and A3). While
the fertilizer main effet was significant on 8 of 3@ates in year 1 and on 16 of 37 dates in year 2
and he irrigation main effect was significant on only 5 of 32 dates in year 1 and 8lat&¥in
year 2 (Figs. 2.1A, 2.2K.3A, 2.4A). Therefore, the two main effects will be discussed
separately.
Fertilizer Main Effect

Mostdifferences in daily BO fluxes were due to higher® fluxesin ureathanin PCU
and/orUF. Furthermore, moglifferencesamongfertilizer treatments acurred during the
summer when the automatic rainout shelter was activated and fegitiderrigation treatments
wereapplied(Figs 2.5 and 2.%. In both years, significant spikes in®lfluxesafterfertilization
were observed only for urea, the quigtease fertilizerThis resulted irsignificantly higher
fluxesin ureathanin both PCU andUF immediately (1 day) and for up to 3 to 7 dayter
fertilization in both years (Fig2.5 and 2.§. Consistentlythe highest fluxes from urea
fertilization occurred 1 day after fertilization, peaking at 498 and 882 j@Nm?h?,
respectively, for year 1; and 318 and 301 p@NN m2h?, respectively, for year 2 (Fg21A,
2.2A, 25, and 26). After the initial spikes, fluxesdeclinad by day 3 andhenleveledoff after 7
to 14 days (Fig2.5 and 26). The range (ug PO-N m?h?) in the spikeof N2O fluxes and

number of dayso declineto background levelare comparable with other.@ research in
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turfgrass involving urea and other quicdease fertizers (Bremer, 2006; Lewis and Bremer,
2013; Bergstrom et al., 2001).

Contrary to the quickelease fertilizeureg N2O fluxesin the controlledrelease fertilizer
(PCU) did notspikedramatically after N fertilization but rather wesinilar or slightly higher
thanin UF (Figs 2.5 and 2.6)Gillette et al. (2016) also reported P@#dated plots were more
resistant to rapid fluxes after fertilization acrédited it to theslower and more controlled N
releaseof PCUeven under high WFPS conditions dgrithe summer. Overall, treontrolled
release fertilizer resulted in lowep® fluxes on a daily basis compatedhe quickrelease
fertilizer (Figs. 2.1A and 2.2A).

In year 1, fluxes from PCU peaked at 71 pgDMNN m2ht on 19 Aug. 2015 (78 days
after FCU fertilizer application), while fluxes frotdF peaked at 63 pug 8D-N m?h*on 17 Juy
2015(Figs. 2.1A and 2.5 In year 2, fluxes from PCU peaked at 80 pONN m2h™ on 23 July
2016 (47 days after PCU fertilizer application), while fluxes ftdfpeaked at 73 pug X0-N m’
2t on 21 Jw and 26 July2016(Figs. 2.2A and 2.5 These peak fluxes for PCU ab were
considerably lower and less frequent than urea peak fluxes.

Of theeightdates in yeaone with differences idaily N.O fluxesamong fetilizer
treatmentsthere were five wheareawashigher than both PCU and, seven whemrrea was
at least higher thadF, and onlythree wherPCU was higher thadF. In year 1, the only date
whenN20O fluxes from PCU were higher than urgas15 Jul 2015, which was 43 dayefter
urea and PCU fertilizatiorOf the 16 datewith differencesn yeartwo, there werel1 whenurea
washigher than both PCU andF, 12whenurea was at least higher than PCUwt®nurea
was at least higher thasF, five when PCUwas higher than URRndno dates wheRCU was
higher than urea.

Irrigation Main Effect

The irrigation main effect was significant on only 5 of 32 measurement dates in year 1
and 8 of 37 dates in yearRigs 2.3A and 2.4A) The majority of these datesacred during
the summer when the automatic rainout shelter was activated and irrigation treatments were
applied (Figs2.3A and 24A). Immediatelyafterfertilization, there wereonsistentlyspikes in
fluxes in both irrigation treatments. These spikesavi&ely the effects ofirea fertiliation as
describedhbove, across both irrigation treatmertewever, differences in 2D fluxes between

irrigation treatments were observeayonceimmediatelyafter fertilization. On that date (7
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June 2016), higherrigation (66% ET) resulted in higher fluxes. Two of tfiege dateswith
differencedn yearone occurred during the summer when the rainout shelter was activMaged
higher irrigation treatment resulted in highexONfluxes on only one of the two datd=ive of the
eight dates in year two occurred during the summbken NO fluxes were higher ithe higher
irrigation treatment.

Cumulative Summer Nitrous Oxide Emissions

In both years, there were differences in cumulative sunNz@fN emissions due tboth
the fertilizer and irrigation main effects (Table 2.1). Total cumulative surhiz@N emissions
combined from both years resulted in significant differences not only from the irrigation and
fertilizer main effects, but also the irrigation x fertilizeteraction.

In each respective summer, as well as in the two summers combpadnhissions
were higher in théigher(66% ET) than the lower irrigation (33%T,) (Table 2.1)Over two
summers,dtal cumulative summerJ® emission$.3% higher in th€6% ET, treatment
compared to the 38 ET, treatmentThis demonstrates that less irrigation reducg3 N
emissions. During each of the two summerg) Emissions were higher in urea than in both
PCU and UF. Interestingly, & emissions were more similar isveten PCU and UF than
between either fertilized treatments. For exampieymared to unfertilized turfgrass, PCU
application increasel>O emissions by only 11% over the two summers, while urea application
increased emissions by 57.5%. There were no difte®in NO emissions between PCU and
UF during the summer of 2016, although fluxes were higher in PCU than UF in 2015 and when
both summers were combinéthese mixed results reveal that althodgd emissions may be
increased by?CU, such increases araich less than when urea is applied.

CumulativeN20O-N emissions over the two summers were highest among treatments in
urea X 66%ET,, followed by urea x 33%T, (Table 2.1). In both fertilized treatments
emissions were reduced by less irrigation. Howesmissions were higher in urea with low
irrigation than in PCU with igh irrigation. Irrigation did noaffectN2O emissionsn unfertilized
plots. Over the two summelO emissionsvere similar among UF (at both irrigation levels)
and PCU at low (33%T,) irrigation. This indicates that fertilization with PCU and reducing

irrigation could reduc&l>O emissiongo similar levels as unfertilized turfgrass.
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Cumulative Nitrous Oxide Emissions

For cumulativeN2O-N emissionsthe fertilizer main effect wasggiificant in both years
andtheentire 2yea period,while theirrigation main effectwas not significan(Appendix Table
A.4). The overall lack of irrigation main effect was contrargtmnulative summex 0
emissions resultd.ike the fertilizer treatmets, theirrigation treatmerst wereonly appliedin the
summer perioddowever, as mentioned above, not only did differences occur more often with
the fertilizer main effect (24 of 69 measurement dates) than the irrigation main effect (13 of 69
dates), bualsothe differences between fertilizer treatments were more pronounced than
irrigation treatmentgFigs. 2.1A, 2.2A, 2.3A, 2.4A)Therefore, tiis likely the absence of
irrigation treatments during the remainder of either year (i.e., when all ploteaecgentical
irrigation and precipitation for 9 months of the year) diluted the overall effects of the irrigation
treatments over the entire stuéderhaps related to thisiere wereno differences in annualr
cumulative NO emissions over theyea peaiod among anyertilizer x irrigation treatmein
interactionsThis indicakes thaspecificdeficit irrigation x fertilizer treatment combinatiedid
not affect cumulativeN20O emissions in this study.

Cumulative emissions of XD-N for theentire2-year peiod were 38% highein urea
than in UF turfand 25% greater in urea than PCU (Rg). Cumulative emissions of J0-N
over the 2year period werd&1% higher inPCUthan in UF turf (Fig2.7). Annual emissions of
N2O-N for year 1 were 1.8Rg ha' yrtin UF turf, 2.09kg ha’ yr! in PCUtreated turfand 2.77
kg hat yrtin ureatreated turfeach statistically different from one anotiier< 0.01) Annual
emissions of BO-N for year 2 were 2.2Kg ha' yr'in UF turf, 2.41kg ha' yr! in PCUtreated
turf, and 2.8%g hat yr! in ureatreated turfeach statistically different from one anotiier<
0.01) Cumulative emissionsf N-O-N for the entire 2yea period weret.06kg ha' in UF, 4.5
kg halin PCU, and 5.6Xkg ha' in urea,each statisticayl different from one anothéP < 0.01)
Theseresults indicate thase of a controlledelease fertilizer such as PCU should be encouraged
because it will helpeduceN2O emissions in turfgrass compared to the use of a galekse
fertilizer.

A rangeof N2O emissionsimilar to my resulthiave been reported by Lewis and Bremer
(2013), who reported cumulative emission8df2 kg NO-N ha' yrtin zoysiagrass receiving
urea at 10&g N ha' yr?, and emissions of 3.36 and 318pN2O-N ha’ yr!in bemudagrass
and perennial ryegrass, respectively, both fertilized with urea &@B0hat yr during a 600

38



day study Kaye et al. (2004) reported annual emissions ok@M.O-N ha’ yr from Kentucky
bluegrass lawns fertilized with urealdtO kg N ha yr! during a tyea study. Cumulative bO
emissions ranged from 1.01 to 1.65 kgONN ha' yrt in a perennial ryegrass stand fertilized
with different N sources and amounts duringye#dr study (Bremer, 2006). In ayea study,

N2O emissionsvere6.5, 2.3, and 7.6 kg BWO-N ha? yr for urea with nitrification and urease
inhibitors, PCU, and methylene urea, respectively, in a paerygigrass golf course fairway,
each applied in three applications for a total of 156lka’ yr? (Gillette et al, 2016) In the

latter study, NO emissions wer.4, 1.50, and 1.49 kg28®-N ha? yrfor urea with nitrification
and urease inhibitors, PCU, and methylene urea, respectively, in a Kentucky bluegrass golf
course rougheach applied in three applicatioms & total of 150 kg N hayr.

In my study, cumulative BD emissions were measured overye? period and the
annual emissions for each treatment were similar, but sliglgherin yeartwo than yeaone
Annual NO emissions in N fertilized turfgss species araricultural systems have bekund
to fluctuate among years based on changes in soil moisture and temperature due to interannual
climatic variability (Clayton et al., 1997; Lewis and Bremer, 2013; Smith et al., 18%8j)ong
correlationbetween daily MO fluxes and soil temperatures may have played a role in the
interannual variability in annual® emissions. Soil temperatur@geragedlightly higher in
year two than in year one across all treatméiyppendix Tables A, and A8), including during
the summer when fertilizer and irrigation treatments were applied.

Over each year, an equivalent of approximately 2.1 and 2.5% in PCU and 2.8 and 2.9%
in urea of anually applied Nwas emitted into the atmosphere in year 1 and year 2, resggcti
Therefore, an average of 2.3% in PCU and 2.9% in urea of the total applied N over the entire 2
yea period was emitted as;@ into the atmospherendicating that N from PClertilizer was
possibly more efficiently used by the turf than uierdilizer. These results are similarttwose
from previous turfgrass studies (Bremer, 2006; Lewis and Bremer, 2013; Gillette et al., 2016;
Kaye et al., 2004). Bremer (2006) reporie¢tbsses of 0.65% from urea and 0.65% in
ammonium sulfate, both applied at aeraf 250 kg N hayr?, and 2.02% in urea applied at a
rate of 50kg N ha® yr! to perennial ryegraskewis and Bremer (2013) reported losses oftd.6
2.1% ina two-yearstudyin zoysiagrass receiving urea applied at a rate ok$@® hat yr. In
Kentucky bluegrass lawns in Colorado, 2.2% of urea fertilizer was emittegCastd the

atmosphere when applied at a rate of 110 kg Nyina (Kaye et al., 2004). These findings
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turfgrassare similar tdossesas NO from applied fertilizein different agricultural systems

(Bouwman, 1994; Bouwman et al., 1995; Clayton et al., 1997; Mosier and Hutchinson, 1981;

Mosier et al., 1986; Syvasalo et al., 2004; Wagdrieldle et al., 1997; Webb et al., 2004).
General Trends

Soil properties of WFPS, soil tenma¢ure, soiNOz', and soilNH4" were measured to
evaluate their relationships with® emissions.

For WFPS there were more dat@s both years with a significantigation main effect
(48 datesjhan fertilizer main effec30 dates)Figs 2.1B, 2.2B,2.3B, and 2.4Band(Appendix
Tables A5 and A6). Most of the differences in WFPS resulting from itigation main effect
(33 of 48 dates) wer@uring the summer when irrigatidreatmentsvereapplied(Figs. 2.3B and
24B). On significant date3VFPS vas typicallyhigherin the66% ET, than the 33% EJ
treatmentThis is expectetlecausenore watewas applied to plots receiving the higher
irrigation treatment.

Regardinghefertilizer main effectjn both yearsVFPS was typically higher in Uplots
thanin either PCU or urea plo{&igs 2.1B and 22B). These differences occurred more often
during the summer when fertilizarasappliedand thereforemayhaveresulted frommore
active and aggressive growthfertilized than in UFplots, thus, moresoil water uptakeccurred
in fertilized plots.

Soil temperature, opposite of the WFPS results, had more significant dates for the
fertilizer main effec{44 datesjhan the irrigation main effe¢18 datesjAppendix Tables A.
and AB). Generally, soil temgraturesvere higher irPCU or urea tham UF plots, albeit some
statistical differencewere small (e.g. < 0.3®) and may have been biologically insignificant
The higher soil temperatures observed in PCU or urea plots may betbai darker greemurf
colorthan unfertilizedlots, resulting in morebsoption of shortwave radiation.

When pooled over the entirey2a study, correlations between dailgy®¢N fluxes and
WFPS were weak, but significant (r = 0.3« 0.001; n = 2484), while a sigreint and strong
correlation occurred between fluxes ofONN and soil temperature (r = 0.83< 0.001; n =
2484) (Appendix Table ®). Other studies have reported similar relationshgtween NO
fluxes and soil temperatures (Bijoor et al., 2008; Bre2@0d6; Denmead et al., 1979; Lewis and
Bremer, 2Q3; Mancino et al., 1988). In nstudy, fluxes of NO-N generally increased with soil

temperatures, as similarly seen in previous studies. In past agricultural and turfgrass research,
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higher NO fluxes havédeen associated with highssil water contengBijoor et al., 2008;
Bremer, 2006; Denmead et al, 1979; Lewis and Bremer, 2013, Lu et al., 2015; Mosier and
Hutchinson 1981; Ryden, 198 However, others have reported higher WFPS did not always
enhance BD production in turfgrass systems (Li et al., 2013; Townsemall et al., 2011).

In both years,ite majority of measurement datesh differences irsoil NOz among
treatmentsvascaused byertilizer main effectather thanrrigation main effect{Figs 2.8B,
2.9B, 2.10B, and 2.1)BAmong treatmentureagenerally hadhigher soil NQ across dates,
especiallyafterfertilization Thisis expected due tilve solubleurea not having a polymer
coatinglike PCU and thus quickly undergoeszymatic (ureasdjydrolysis to ammonium
carbonate [(NH)2COs] and therefore more availablendrify into to NOs™ (Figs. 2.8B and
2.9B). Similar to the fertilizer main effect, the majority of differences due to irrigation main
effect occurred during the summereach yes with higher soil N@ in plots receivingnore
irrigation (Figs 2.10B and 211B). After fertilizations urea may have beeancorporated into the
soil better by the highaghanby the lower irrigation levelHigher WFPSup to a point also
provides a grdar potentialto convert the urea to soil NOThere were very few significant
dates for soiNH4* for both the fertilizer main effect and even less for irrigation main effect
(Figs 2.8A, 2.97, 2.1A, and 2.1A). Significant dates for the fertilizer magffect generally
occurred during the summavith higher soilNH4" in fertilized PCU and uregthanunfertilized
plots(Figs 2.8A and 29A). Differencesin soil NH4" between the two irrigation treatmentere
inconsistent andegligiblein both years (fgs. 2.10A and 211A).

When pooled over the entire study, the correlation was weak, but significant between
N20-N fluxes and soiNOs™ (r = 0.16; P < 0.001; n = 2484), while correlation between fluxes of
N20O-N and soil NH* were not significant (AppendiXable A9). Bremer (2006) reported similar
results with both soil Nk and NQ' correlations to BO-N fluxes in perennial ryegrass plots.
Overall, there have been inconsistent results relating sait &t NQ™ to N2O fluxes in both
turfgrass and agricultal systems (Bergstrom et al., 2001; Bremer, 2006; Denmead et al., 1979;
Lewis and Bremer, 2013; Li et al., 2013; Tenuta and Beauchamp, 2003).

Similar to past studies, soil temperature and WFPS tended to show a stronger relationship
with N2O fluxes tharsoil NHs" or NOs™ content. All of these variablewhichplay a role in NO
production,nvolve complex interactions the soilenvironment Therefore, it is more important

to consider all factors such as type of fertilizer (ammoniommitratebased), V\FPS,andsoll
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temperature at the time fdrtilization than just one factor alonEor instancehighersoil
temperature and WFPSatd afterfertilizationmayplay a larger role in the soil N turnover rate,
thus increasing pO production (Matson and Vitisek, 1990; Mosier et al., 1997; Schimel et al.,
1989).Under anaerobic conditiomringhigh WFPS, MO productionis more influenced by
soil NOs” than NH;* due to denitrification (Freney et al., 1979).
Visual Turf Quality and Percent Green Cover

Visualturf quality was rated andGCwas measureith each turf ploto evaluate the
effects of different Nfertilizers and deficit irrigation treatments on turfgrass performance.

Forvisual turf quality the fertilizer main effect was significant for 12 of 17aserement
dates and the irrigation main effect was significant for 6 of 17 measurement dates infygar 1 (
2.12. In year 2, the fertilizer main effect was significant for 16 of 19 measurement dates and the
irrigation main effect was significant for 15 19 dateskig. 2.13. The fertilizer x irrigation
treatment interaction was only significantce inyearoneandnotsignificant in yeatwo
(Appendix Tables A.14 and A.15)herefore, the two main effects will be discussed/Qr

In year 1, differenes inVQ were mainly due to the three fertilization levels, while in
year two there were clear differen@@aong botHertilizer and irrigatiortreatmentgFigs. 2.12
and 2.13). In both year¥Q of ureaplotsincreased immediatebfterthe June fertilizéon and
was higher than PCU arndF on the following measurement date (Figd2A and 2.13\). This
is due to the quickelease of urea. In year 1, PCU generally required 11 to 25 days to reach
similarVQ as urea, then PCU provided more stable,audsimally higherVQ than urea. In
year 2, PCU required 23 days to reach simil@rratings as urea, but again then provided more
stable and at times, high¥ ratings than urea. IbothyearsVQ in urea started to decline by
39 and 37 days, respectively,afthe June fertiliation, but quickly increased again after the
second fertiliationin mid-July (Figs. 2.1A and 2.13\). This upanddown trend invQ is
expected with a quickelease fertilizer such as urea, which provides a quick response in
turfgrassgrowth, but generally na long-termone While the turf receiving the controlled
release fertilizer, PCU had a slower initial respoitgben sustained high&Q over a longer
durationduring the summer. &h urea and PCU treatments provided high@rthanUF
throughout thenajority of thesummer in year 2ndup to mid-to-late August in year 1.
Regardless, in both years thdentlized plots wereabove acceptabMQ ratings (> 6 rating)

throughout the summer.
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In year 1, the irrigation main effectasnot significant until August, at which poiMQ
increasedn the highelirrigation treatment and decreadeder irrigation treatment (Fi@.12B).
Onepossiblereasorfor this late separation makiavebeenthe irrigation treatment adjusents
from 68% ET (medium)and 45% ET (low) to the final 66% EJ (medium)and 33%ET, (low)
on 20 Juw 2015 for reasons previously mentioriednaterials and methodk year 2, the
separationn VQ between irrigationreatmentsvas more evidentvith consistentlyhighervVQ
with higher irrigationthroughout the majority of the summ(&ig. 2.13B) However, both
irrigation treatmentsvereabove acceptabMQ in both years, includg zoysiagrass receiving
only a 33% ETtwice a week with all rainfall excluded f62 days duing the summer.

ForPGC the fertilizer main effect was significant for 14 of 17 measurement dates and
the irrigation main effect for 7 of 17 dates in yeaFiy(2.19. In year 2, the fertilizer and
irrigation main effec@were both significant for 15 df9 measurement datdsd. 2.15. The
fertilizer x irrigation treatment interaction was significant on angdate in yeapneandfour
dates in yeatwo (Appendix Tables A.16 and A.17)herefore, the two main effects will be
discussed foPGC

Therewere similar trends iIRGCthatwerealso observed iNQ already mentioned. In
year 1, differences iRGCwere mainly due to the fertilizer main effect, whereas in year two the
differenceswvere due tdooth fertilizer and irrigation main effextFigs 2.14and 2.15). In year
oneg PGCincreasedapidly inall plots duringthe summeandthe onset of fertilizer and
irrigation treatmentsin yearong the rapid increase MQ of only ureatreatedplots after
fertilization was notobserved witiPGC. Plots of PO-treated turfUF turf, and both irrigation
treatmentslso increaséon the same dates as uedgerthe June fertiliation (Fig. 2.14) This
may be due to overall warmer and more favorable temperatures for zoysgrguaisand
enhanced green color ass all plotsin year 1, similar t&/Q ratings, PCU resulted in more
stable, anaccasionallyhigherPGCthan both urea andF (Fig. 2.14A). In year 1, there were
fewerdifferences irPGCbetween urea andF than inVQ ratings.This may have been because
VQ ratings included not only coverage and intensity green color, butexisme, density, and
uniformity of the turf. While URurf plots had fewer differences in PGC compared to-urea
treated plotsthe UF plots had slightly lower density and unifornaityoss the entire plot, which
was detected by VQ ratings year 2, there was a more pronounced increaB&M@in urea

plots compared to PCU amdF afterthe June fertiliation, which resulted in highd?GCin urea
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than the other two fertilizer leveler 23 days (Fig. 2.1A8); thereafter PCU was not different
from urea. In year 2 there was more separatid?GiCbetween the two N fertilizer treatments
and urertilized than in year 1with urea and PClypically beinghigher tharlUF duringthe
majority ofthe summer.

All fertilizer and irrigation treatmentserehigher than 74% green cover during the entire
summer in both yea($igs 2.14 and 2.15)in year 1PGCin ureadeclined32 days aftethe
June fertilization but quickly increased again aftersteond fertiliationin mid-July; this trend
in ureawasalsoobserved iVQ ratings(Figs. 2.12A, 2.13A, and 2.14AIn year 2, this decline
in PGCof urea wadess pronounced despite a notable, corresponding decrease in VQ (Fig.
2.13A and 2.15A. The digarities in changes between VQ and PGC was likely a result of
methodology. Visual quality ratings are subjective while PGC measurements are objective.
Declines in VQ ratings were typically caused by corresponding decreaiesdarkness of
greenturf color. However, this lighter green turf color still registewi t hi n t he fAgr een
hue settings established in SigmaSdaddnis resulted in a less pronounced decline in B3 in
VQ ratings For the irrigation main effectiends weresimilar betweerPGC and VQratings.

When pooledcross all fertilizer and irrigation treatmeniger the entire Jea study, there was
a moderatdo-strong correlation betweaQ andPGC(r = 0.64;P < 0.001; n = 1296)
(Appendix Table A.8).

Typically, after 30 ta10 days zoysiagrass receivingea startetb decline invVQ and
PGCuntil it received anothdX fertilization in mid-July, when itquickly increase@gain.
ConverselyVQ and PGC ircontrolledreleased fertilize(PCU) plotsinitially respomledslower
after Jundertilization butthen sustained high&#Q andPGCover a longer period during the
summer.

Cumulative Mowing Frequency

Turfgrass mowing is an enerdpased inputhat hadeen labeled as a hidden carbon cost
due to gasoline emissions (Zirkle et @D11) In 2015 and 2016 uenulative mowingrequency
for each plot was calculated quantifythe effects of different Nertilizers and deficit irrigation
treatments on mowing frequency

The fertilizer and irrigation main effexivere significant for both yegs, while the
fertilizer x irrigation treatment interaction was not significant for either year (TaBleRar

both years, the higher irrigation treatment resulted in a higher mowing frequency, albeit
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generally only two to three more mowing events parylotsthat received N fertilizer (PCU
and ureaplso hachigher mowing frequencies thamfertilizedplots in both years. In year 1 and
year 2, an average of 7 and 9 more mowing events, respectively, were requirtsitilizd
plots compared to unfilized plots.While there were differences in mowing frequebeyween
the quickrelease and controlle@lease fertilizes (within +1.1 mowings y1), thetrendwas not
consistenticross yeard hus, the results were inconclusive as to the relativetsftdureaand
PCUon mowingfrequency

There has been extensive research compaffegts ofslow-release and quickelease
nitrogen sources on turfgrass quality, visual color, shoot growth, clipping yield, and other
characteristicClipping yields have generallybeen greater when fertilized wistow-release
compared withquick-release N sourcealthough results have been mixed across st@isar
et al., 2005; Joo et al., 1997; Williams et al., 1997). In relating clipping yield to mowing
frequency one might assume greater clipping yieddults ina highermowingfrequency.
Regardless, in our stuaigowing frequencies were not consistently greater across years in plots
fertilized with controlledreleaseéhan with quickreleaseN fertilizer.

Soil Carbon

The depth main effect was significant for all variables excéjdt &d the year main
effect was significant foBOC, SON andC/N (Appendix Table A.9). Therefore, #ier analysis
of type Il tests for fixed effects for SOC, SO, C/ N, BrGICe effectsvere
conducted to thoroughly investigate the followingnanagemennput schedules within each
depth x yea(Table 2.3); ii)years within each management schedule x dgpttompare year
means; Table 2.3); iicnanagement schedules averaged across all depths within eagfalelar
2.4); iv) years within each management schedule averaged across all(tteptirapare year
means; Table 2.4); \@epths within each y& (Table 2.5); and vi) years within each depth (to
compare year meansable 2.5) (Appendix Table A.20

Management scheduliid not affectany measured soil carbon variable (SOC, SQN,
C/ N, @SOC) wi t-h0j1620,6aad2@0 cexcephC/N ad23B0 cm in 2016
(Table 23). In 2016, the carbon/nitrogen ratio was 95% higher in the HMI than in the LM} at 20
30 cm.

Between 201&nd 2016SOC at 810 cm increaselly 24%and21% Mg C hat for the
HMI and LMI regmes, respectivelyandC/N at 20630 cm increased by 187% in the HMable
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2.3).Although the remaining SOC and C/N also increased numerically at each management
schedule x depth, none were statistically significantstdtistical changes were observeggn
SON orgp S O& any management schedule x depth.

Whenaveraged across all depths-8D cm), there were no differences between high and
low management regimes for any of the measured soil carbon vai@bi€s SON} b, C/N,
S O G)each year (Table £). Similar to the year comparisons above, when averaged across
all depths, SOC increased by 18% and 15% between 2013 and 2016 for both high and low input
regimes, respectively, as did the C/N by 82% for high input only. This increase in soil organic
carban from 2013 to 2016 measured in both management schedules indicates a significant
amount of carbon was sequestered by the zoysiagrass turf system.

When dataverecombinedacrosdepths (630 cm)andacross both management input
regimes (year main effeat iAppendix Table A.9), thesoil C/N ratioincreased significantly
from 10.1 in 2013 td7.0in 2016, SOC increased from 18/ C ha'in 2013 to 21.5Vg C ha
1in 2016, and , did not change (data not shown). The year main effecaigastatistically
significant for SON however differences were minimal.

Whensoil C wasaveraged across both management inggitnes, differences were
observed among depths within each yeallinariablesexcept soil C/N (Appendix Table A.20
and Table 2.p Theuppersoi layer (310 cm) consistentlijadhigher SOC and SON than the
two lower depths in 2013 and 2016 e ¢ ®d&3 @lso greater ithhe upper AL0 cmthan inthe
two lower depths. Lemus and Lal (2005) stated most changes in soil organic carbon tend to occur
in the upper profile due to being more significantly influenced by climate, microbial biomass,
and lager root biomass present. Qian et al. (2@dbjcluded tha®- to 5yea-old turfgrass
systems likely favor soil carbon sequestration near the soil surfdded®) compared to 120
cmbecausean increase in soil C/N ratio was only observed in the uppeth dter three years.
In my study, increassin soil C/N ratio from 2013 to 2016 was obseruedll threedeptts,
although only significant increases occurred at the two lower depths (Table 2.5paihis
possibly be attributed to the type of turfgrapgcies and rooting characterisiiéshe
zoysiagrassThe zoysiagrass root system may have more dense and impacted N mineralization
more at the two lower depths, although no root measurements were conRocteliomass and
rooting capabilities vargmongturfgrass species and evamongcultivars within turfgrass

species (Carrow, 199&nsign and Weiser, 197b6luang, 1999t ehman and Engelke, 1991;

46



Salaiz et al., 1991Su et al., 2008; Qian et al., 1997). Lemus and Lal (2005) reported root
biomass is pssibly one of the most important factaffectingpotential soil carbon
sequestration. Regardless of the greater increase in C/N at the lower depths, the SOC content and
S Oi@ the upper profil€0-10 cm)were highethanin the two lower depthafter treeyears
in zoysiagras§Table 2.5) Qian et al. (2010) also reportedreasedsOC and C/N over a four
year period irthree different ur f gr ass species. The annual pS O
1.77 Mg C ha yrtin my study are similar to observedr modeled SOC sequestration rates in
turfgrass reported bgthers(Bandaranayake et al., 2003; Qian and Epl002; Qian et al.,
2010; Wang et al., 2014; Zirkle et al., 201Als0, thesea n n u a | valgeS @dasured in my
study are similar toor higher than SOC sequestration ratemgnaged and unmanaged
grasslands, such as those in@mnservation Reserve ProgrdRollett et al., 2001¢Gebhart et
al., 1994 Post and Kwon, 2000).

Overall, most differences in SO&ere due to deptim thesoil profile, with greater C
sequestration in the upperl@ cm. After a 3yea period, theHMI regime sequestered morarC
the 610 and 120 cm depthshan the LMI regimebut results were not statistically different.
After a 3yea period, the zoysiagrass tugsultedn an average C sequestration ratt@.952
Mg C ha! yr!averaged across both managenieptit scheduls and all three depthBurther
research of direct SOC measurements over various turfgrass species and various management
input schedules wilncrease understanding of total C budget and possibly lead to improved
management practices to increase C sequestration in turfgrass systems.

Conclusions

There were weak, but significant correlations betwegd fluxes and WFPS; and soil
NOs and NO fluxes. A strong and significant correlation was found between soil temperature
and NO fluxes in turfgrass, O fluxes generally increased wisbil temperaturesCumulative
N20O emissions during the summer increased 13%with irrigation (i.e., 33% to 66%To),
with the exception of UF plot®uring two summers, D emissions were 6.3% higher with
66% ETo (2.88kg hal) than with 33%ET, (2.71kg hat). Overall, the majority of the differences
in daily and cumulative PO emission®ver the entire studweredue to the fertilizer main
effect. Thecontrolledrelease fertilizerRCU), whichreleasd N slowly over a longer duration
resulted imo spikes in MO fluxes and lower daily O fluxes than the quickelease, urea

fertilizer. Thus,2-yearcumulative NO emissionavere25% higher for ureghan PCU.
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Cumulative NO emissiongor the entire2-yea studywere4.06kg ha' in UF turf, 4.5kg hat in
PCUtreatedturf, and 5.6kg hat in ureatreatecturf, each statistically different from one
anotherEven thogh the VQandPGCincreased more slowly, PCtdeated plots generally
sustained highevQ and PGQGhan uredreated plot®ver a longer period during the summer,
but this did not result in consistently higher mowing frequencies thartneagad plotsAfter a
3-year period, digherinput management schedulerea + 66% Edirrigation treatmentin
zoysiagrass did nancreaseC sequestrationompared witha lowinput management schedule
(no fertilizer + 33% ETJirrigation treatment A greater C sequestian rate occurred in the 00

cm soil layer compared to lower soil depths. Regardless of management input schddpt
after a 3yea period zoysiagrass exhibited enhanced SOC content and an average C
sequestration raigf 0.952 Mg C ha yrt, which may help mitigate climate chandesults from
this studyindicate the use of a controlledlease fertilizer such as PCU compared to the use of a
quick-release fertilizeand/or less irrigation should be encouraged to retluGeemissions in
turfgrass Further research should be condudiethvestigate effects of othdeficit irrigation
levelsand N fertilizer sources dd20O emissions in turfgrass. Additional research of direct SOC
measurements various turfgrass species and management input scheduiiedead to

improved management practidgbsitincrease C sequestration in turfgrass systems.
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Protected LSDRO 0. 05) .
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Figure2.14. Effects of the (A) fertilizer main effect and (B) irrigation main effect on percent

green turfgrass cover of zoysiagrass in 2015. Solid vertical lines repressairtimer period

when the rainout shelter was activated and irrigation treatments were applied. Dashed vertical

line at 2 June represent fertilization with urea applied at 49 kg*Nuhe polymercoated urea

applied at 98 kg N ha Dotted vertical lines a6 July represent thé®Qurea application at 49 kg

N ha'. Within each main effect, means at each date with the same letter not significantly

di fferent accordi ngP®o0 F0Sherodéds Protected LSD
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Figure2.15. Effects of the (A) fertilizer main effect and (B) irrigation main effect on percent

green turfgrass cover of zoysiagrass in 2016. Solid vertical lines represent the summer period

when the rainout shelter was activated and irrigation treatments were applied. Dashed vertical

line at 6 June represent fertilization with urea applied at 49 kg*Nuhe polymercoated urea

applied at 98 kg N ha Dotted vertical lines at 20 July represtre 29 urea application at 49 kg

N ha'. Within each main effect, means at each date with the same letter not significantly

di fferent accordi ngP®o0 F0Sherodéds Protected LSD
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Table2.1. Analyses fertilizer main effect, irrigation main effect, and fertilizer*irrigation interaction on cumulative nitrous oxide
emissionsimto Meyer 6 zoysiagr ass duirAugust) intyéael (Z)16)ramkyear p(20i6).ods ( June

Cumulative Summer dXD-N Emissions

Source of variation Year 1 Year 2 Total
N2O-N kg hat N2O-N kg ha' N2O-N kg ha'
Fertilizer
Unfertilized (UF) 0.974 & 1.31 14 2.28 ¢
Polymercoated urea (PCU) 1.18Db 1.35b 2.53b
Urea 1.82a 1.77 a 3.59a
Irrigation
33% ET 1.29 4 14218 2710
66% ETo 1.36a 1.53 a 2.88 a
Fertilizer x Irrigation
UF*33% 0.973 1.29 2.27d
UF*66% 0.975 1.32 2.29d
PCU*33% 1.10 1.27 2.37d
PCU*66% 1.26 1.42 2.68c
UREA*33% 1.80 1.70 3.50b
UREA*66% 1.84 1.84 3.68 a
ANOVA
Source T T e V2! Y€ T
Fertilizer <.0001 <.0001 <.0001
Irrigation 0.0289 0.0027 0.0006
Fertilizer x Irrigation 0.0901 0.2046 0.0437
AWithin fertilizer main effect, means in column widlBD di fferent
(P <0.0001).
YWi t hin source of wvariation, means in column with ®&DPE@Bent | et
8Within source of variation, means in column with different letters are significantly different acécon g Fi sher ®Px0.P). ot ect e
T"Within source of variation, means in column with G&DPE@IOB.Nt | et
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Table2.2. Analyses of fertilizer main effect, irrigation main effect, and fertilizer*irrigation
interacionon mowi ng frequency of O&6Meyerd zoysiagras

CumulativeMowing Frequencly

Source of variation 2015 2016
Fertilizer # of mowings y* # of mowings y*
Unfertilized (UF) 14.8 ¢ 145 ¢
Polymercoated urea (PCU) 22.1a 22.8 b
Urea 21.0b 23.8a
Irrigation
33% ET 18.1 15 19.0 b
66% ETo 204 a 21.7a
Ferilizer x Irrigation
UF*33% 13.3 13.2
UF*66% 16.8 15.8
PCU*33% 21.3 21.3
PCU*66% 22.8 24.2
UREA*33% 19.7 22.5
UREA*66% 22.3 25.0
ANOVA
Source T T2 Ve T mm
Fertilizer <.0001 <.0001
Irrigation <.0001 <.0001
Fertilizer x Irrigation 0.2350 0.9472

ACumulative mowing frequency dleyer zoysagrass betweelarchto November, in each
respective yeakEvery 4 to 7 days, grass height was measured at four random locations within
each plot. If the grass height wa8.8 cm in at least one of four locations within a plot, that plot
was mowed on thalay. A maximum height of 3.8 cm was established for the 2.54 cm mowing
height due to the general guidelines of not removing more than 1/3 of the turfgrass canopy.
Cumulative mowing frequency was summed separately for each plot and treatment means were
then calculated.

YWithin each source of variation, mednsa columnwith different letters arsignificantly

different accordingo F i s hPeoted@esl LSK¥P < 0.05).
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Table2.3. Analyses of managemesthedule on soil bulk densityy, soil organic carbon (SOC), soil organic nitrogen (SON), soil

carbon/nitrogen ratio (C/N) in 2013, 2016, and average
Management 3 1 1 PpSOC
Schedule 1o (g cni®) SOC(Mg C ha') SON(Mg N ha*) CIN (Mg C hat yrY)
2013 2016 2013 2016 2013 2016 2013 2016

0-10 cm

High 1.42 1.42 23.80" 29.4a 2.15 2.00 11.1 14.9 1.77

Low 1.42 1.44 24.1b  29.2a 2.29 2.43 10.6 12.3 1.61
10-20 cm

High 1.50 1.51 17.3 195 1.65 1.45 10.5 15.4 0.70

Low 1.55 1.54 19.6 20.4 1.84 1.37 10.8 20.6 0.24
20-30 cm

High 1.48 1.45 12.6 14.6 1.41 0.72 8.9b 25.5A% 0.63

Low 1.52 1.50 13.7 16.1 1.56 1.46 8.8 13.1B 0.76

f_*Within a row, within eals category, reans with differentower-case lettexaresignificantly different accordintp Chon= 0.0083.
YWithin a column, meangith different uppeicase letters are significantly differeatcordingto Uon=0.0083
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Table2.4. Analyses of management schedule on soil bulk de@sitysoil organic carbon (SOC), soil organic nitrogen (SON), soil

carbon/nitrogen ratio (C/N) in 2013, 2016, and av-¥®rcm)ge annua
Management 3 1 1 pSOC
Schedule b (g cni®) SOC(Mg C ha') SON(Mg N ha*) C/N (Mg C ha yrY)
2013 2016 2013 2016 2013 2016 2013 2016
High 1.47 1.46 17.90* 21.2a 1.74 1.39 10.2b 18.6a 1.03
Low 1.49 1.49 19.1b 21.9a 1.89 1.75 10.1 15.3 0.87

f‘Within a row, within each category, areswith differentlower-case lettexaresignificantly different accordingp Ubon= 0.025.
YWithin a column, meangith differentuppercase lettesaresignificantlydifferent accordingo Uson= 0.025.
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Table2.5. Analyses of depth on soil bulk densify), soil organic carbon (SOC), soil organic nitrogen (SON), soil carbon/nitrogen

ratio (C/ N) in 2013, 2016, and average annual <change in soil
pSOC
Depth 1o (g and) SOC(Mg C hal) SON(Mg N ha?) C/N
(Mg C hat yr?)
2013 2016 2013 2016 2013 2016 2013 2016
0-10 cm 1.42B* 1.43B 23.9AbY 29.3Aa 2.22A  2.21A 10.9 13.6 1.69A
10-20 cm 1.53A 1.53A 18.5B 20.0B 1.74B 1.41B 10.7b 18.0a 0.47B
20030 cm  1.50A 1.47AB 13.1Cb 15.3Ca 1.48B  1.09B 89b 19.3a 0.70B

fWithin a column, meanwith differentuppercase lettesare significantlydifferent accordingo Uhon= 0.0083 5
YWithin a row, within each categorgneanswith differentlower-case lettegaresignificantly different accordingp U,on= 0.016.

75



Chapter3-Per f or mance and Recovery of 1
Drought and Trafdnd $Sdirle sWatsepre SGaoenot

Abstract

Future water availability is a seus issue and drought restrictions may be imposed on
turf managers with no regard for damage to turfgiaesing drougty, turfgrass areas such as
golf courses receive vehicular or foot traffidy objectivesof this studywereto evaliateshoot
and soilwater contentesponses dfvo coolseason (C3)KHentucky bluegras@Poa pratensid..)
andperennial ryegras4.¢lium perennd..)] and two warrmseason (C4grassegbuffalograss
[Buchloe dactyloide@Nutt.) EngelmJand zoysiagras&oysia japoniceéteud)} at 1.6 cm (golf
course fairway) and 6.4 cm (golf course rough) mmgvireights, with and without simulated
golf-cart trafficduring a drought and the subsequent recovery period (without traffitd.day
drought field studyvith no irrigationor precipitaion, and with and without traffic, followed by a
40-day recovery without traffisvas conducted in Manhattan, k82015 and 2016nder a
stationary ainout shelterAcross both traffic treatments, C4 grasses typically maintained higher
visual quality (VQ)and percent green cover (PGC) than both C3 grasses during drought and
recovery. Across all species, the rougbwing heightwas more impacted by traffic during
drought stressAveragedacross all drought datesloth years,raffic applied tokentucky
bluegrassperennial ryegrasbuffalograssand zoysiagrassaintained at fairway height
maintained acceptabléQ for 18, 22 41, 33days, respectively; arat rough height fot5, 18
22, 22days, respectivelyn both years, bffalograss consistentiyairntainedthe highest soll
moisture among species during the drougistséilmoisturedecreased, the surface became
more firmacross all turf speciebut especially at the lower mowimgight traffic enhancedhis
effect.During recoveryC4 grassesecoveedfasterthan C3 grasseQverall, traffic application
during drought will have negative aadcelerated impacts on turfgraseots which will vary

with turf species anthowing height

76



Introduction

One of the most important challenges facing golfrsewsuperintendents is decreasing
wateravailability for irrigation. Increasingly, state and local drought restrictions may be imposed
on turf managers with no regard for damage to turfgrass (Beard and Kenna, 2008). During
periods of severe drought and efashortages, turfgrass may receive little to no irrigation for
extendederiods

Drought resistance and recuperative potential of turfgrass species hasviestgated
extensively. Overalld r ought resistance i s a aadahd nati on
tolerate drought (Fry and Huang, 2004). The ability to maintain quality during drought stress,
typically by deep rootings referred to as drought avoidance, whereas the ability to recover after
experiencing symptoms of drought stress is refietoeas drought tolerance (FrydaHuang,

2004). In general, warfseason(@4) turfgrass species have better resistance to drought stress
thancoolseason (C33pecies due to their more efficient photosynthetic pathway, lower
evapotranspiration (ET) ratdggherlevels of osmotic adjustment, higher cell wall elasticity,
better tolerance of low leaf relative water contant other possible contributing fact¢Beard,
1973;Beard and Kenna, 200Bjran et al., 1981Fu et al., 2004; Fry and Huang, 2004;adg

and Fry, 1999; Kim and Beard, 1988; Meyer and Gibeault, 1986; Qian and Fry, 1997).

Biran et al. (1981) reported that C4 grassdsch included &6 Chi ovd ki kuyugr
(Pennisetum clandestinuHochst.); unreported cultivaocs St. AugustinegragsStenoaphrum
secundatuniWalt.) Kuntze] seashore paspalumgspalum vaginatur8w.), and centipedegrass
[ Erermochl oa ophiuroides (Munro.) Hack.]; 06Sa
[Cynodon dactylofL.) Pers.];andd Emer al d 6 Zoysignwmtreba@.r) Mesrd had 45%
lower water consumption than two C3 grasse& | t a 6 tFestuda artingisace@ahrely(,
SynSchedonorus arundinaceBshrebi)and 6 Pennf i ne 6(Laivenrperenmdi.).a | ryeg
Biran et al. (1981) also reported that less fretjireigation reduced water consumptibn6 to
18% in C4 grasses and 24 to 34% in C3 grasses. When mowing hesghtveased from 3 to 6
cm, water consumption increased 3 to 15% in C4 grasses and 25 to 29% in C3 gi#isses,
transpiration rates for C¥gssedeingalmost double that of C4 grass®¥garm-season grasses
have a clear advantage when it comes to tolerdtiogghtstressdue to their lower ET rates
which hel themresist and possibly avoid drought conditions better than coodtseason

grasses.
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Not onlyarethere differences in drought stress responses between C4 and C3 grasses, but
alsoamong species within C3and C4 grassesFor exampl e, O Mi deaght 6 K
pratensisL.), a C3 grassxhibited superior survival and recovetg turf quality (leaf coloy,
leafturgidity, leaf chlorophyll content, and photochemical efficiency comparéaet@3 grass
O0Paragon GLRO peliuneperannguhderrdrowigt coadstisns it a growth
chamber study (Chai et al., 2010). Carsedy, in a 3yea field study in Fort Collins, CO,
cultivars of perennial ryegrass remagigreen and viable longer under drought and thus
recovered faster than cultivars of Kentucky bluegrassrgbtiand Butler, 1985However,
despitesuch mixed results is generally accepted that Kentucky bluegrass typicakybbter
drought tolerance than perennial ryegrass. Taeralso differences in drought tolerance among
C4 grasses. Cathey et al. (2011) repoétdeimp i r e 6 Z.gapomicadteud.az rmatrd]la)
hadlowerwater use rates and less leaf firthgné Ar ge nt i n ePasphlarhnotaumr as s (
Flugge)and F1 or at amd St Stenchaphyum sdcundatimndea dsosight(conditions
in a greenhouse study.

Common aboveground responses to dhistress include decredderf quality, growth
vigor (clipping yield), verdure, shoot dsity, tillering, and colo(greennessiandincreasd leaf
wilt, firing, and canopy temperaturd3ast drought studies C3 and C4 grassémveindicated
that turfspecieslowest to lose green groututf cover were alsthe fastesto recovermafter
rewateing (Karcher et al., 2008; Steinke et al., 20XDher typical responsés droughtinclude
decreased stomatal conductance angjtem water potentiadnd inceased canopy
temperaturesalthoughthe timing of these responses vary among turfgrass species (Leksungnoen
et al., 2009Steinke et al., 2009During drought, turfgrass areas such as golf courses generally
continue to receive play from golfers. This riésin vehicular or foot traffic stress to turfgrass
during conditions of drought stress. However, little research has been conducted on the
combined effects of drought and traffic stress.

The National Golf Fondation estimated that 80,06torizedgolf carts were in use in
1963, by 1990 iincreasedo approximatel\800,000 to 850,000 (Anonymous, 1964; Gast,
1991).In 2006 69% d all rounds of golf in the United Statesre played with golf carts
(Moeller, 2014). Golf cart trafficregardless of golf catype or tire desigmsan have immediate
wear damage on turfgrass, especiallyaffic frequency is high or traffic is applied by sharp

turns or semcircle driving patterns (Carrow and Johnson, 198®6. Two golfers using one
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golf cart has been estated to increase tl@nount ofturf area impacted by 48 times compared
with walking golfers (Wienecke, 2004).

Past traffic research haismilated foot or whedvehicular)traffic through avariety of
methods/instruments x@mples of footraffic simulatasincludeafiwear simulatay (Perry,

1958; Younger, 1961, 1962), ecustombuilt studded drum rolleégVan Der Horst, 1970;
Fushtey et al., 1983), thiBrinkman Traffic Simulatas (Cereti et al., 2010; Cockerham and
Brinkman, 1989; Dunn et al., 1998:8b and Szewczyk, 2014, 2015; Minner et al., 1993; Vanini
et al., 2007), théDifferential Slip Wear Maching(Canaway, 1976, 1981), tifieIFA-approved
OLi s por to@ENRAE Hullnetal., 2012), th@eorgia (GA) SCW Traffic Simulator
(Carrow et al 2001), and théCady Traffic Simulatay (Henderson et al., 2005; Vanini et al.,
2007).Examples of wheel or smoothaffic simulabrs ofvehicular trafficincludethe fiNebraska
SCW Traffic Simulatod (Shearman et al., 2001), théA W Traffic Simulatod (Shearman et
al., 2001), aismaltplot wear simulatar(Shearman et al., 1974)fiaustombuilt golf cart traffic
simulator towed behind a turf utility vehid@Alderman, 2016; Watkins et al., 2010) amsk of
actual A(Gaordwfandcl@hnsons 1881996). Regardless of thpplicationmethod,
traffic research has generally focused on swaltered turfgrass (nedrought).

Traffic stress can result iarfgrass wear damage, soil compaction, soil displacement, and
turf removal or divots (Beard, 19¥.3Vear damage from traffic stress greatly impacts the above
ground portion of the turfgrass, whereas the bajosund portion is more influenced by soil
compaction. Weadamageesults fromphysical injury to the plant, such as a scuffing, tearing,
crushing action and possible removal of the leaves, stems, and crown (Beard, 1973). This
scuffing and tearing action can create opesifogor exacerbate existimdjsease infections,
weed encroachmentjater loss, and other stresses such as drought stresd, (B&#6). Wear
damage to turfgrass caausehinning of thecanopy (decreased turf cover), decreased quality,
leaf bruising, loss of color, less verdure, matting of the turf, and lower shoot density (Bear, 1976;
Canaway, 1981; Carrow and Johnson, 1989619The appearance of wear injury will vary in
extentdepending on the intensity and duration of traffic (Carrow and Johnson, 1989). Wear
damage from traffic stress is most likely to be noticed sooner due to immediate plant injury and
possible matting, #nlaying or folding over of the turf leaves from traffic stress (Carrow and
Johnson, 1989, 1996)Vear injuryhas been assesdaylvisualturf quality (VQ), visual green
turf cover, digital percent green cov@PGC) visual color, leaf bruising, shoot/gll density,
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verdure, percent chlorophyll per unit area, percent total cell wall content, andnetivexds
(Carrow and Johnson, 198896;Shearman and Beard 1978879, 197%). Through
correlation, Shearman and Beard (1975a) concluded that the fdwds@tisual ratings,
percent verdure, percent total cell wall content, and percent chlorophyll per upivareall
satisfactory in evaluating wear toleraneeurfgrass.

Physiological, morphological, and anatomical characteristics such as veraurte, sh
density, leaf width, load bearing capacity, leaf tensile strength, leaf moisture, and relative
turgidity may play a role in differences in wear tolerance in turfgrass species. However,
Shearman and Beard (1975c) found no significant correlations bebmgeof the characteristics
mentioned above and wear tolerance of seven diff@@mjrassed_eaf tensile strength and leaf
width tended to contribute the most to variation in wear tolerance among the seven turfgrass
species studied (Shearman and Bed9d5c). Upon further investigation, anatomical features of
more |lignified cells and scl erenXlho3tjalf i ber s
fescue Festuca arundinacgamay contribute to stronger and more stiff leaaedthus better
wear toerancehanrough bluegrassPpa trivialisL.) (Shearman and Beard, 1975c). Shearman
and Beard (1975b) reported tmaineof five cell wall components alone, includipgrcent total
cell wall, lignocellulose, cellulose, hemicellulose lignin, was stronty correlated to wear
tolerance.A higherpercentotal cell wallcontentand/or higher lignin content in the leaves
increasd wear tolerance in multiple turfgrass species (Bourgoin et al., 1985; Brosnan et al.,
2005; Dowgiewicz et al., 2011; Kilmartin924; Trenholm et al., 2000). Higher lignin contents
and carbohydrate concentrations were strongly correlated to better wear tolerance, with higher
lignin contentcontributing tomore resistateto compressive forces and higher carbohydrate
concentrationsnqemoing faster recovery (Lulli et al., 2012). Converselgn Haan et a{2009
found that igher total cell wall content and lignin content were linked to inceedamagedrom
wear stressWhen exposed to 132 passes of wear stress, the top perfoutiinars of perennial
ryegrassad higher shoot density, green leaf biomass, leaf area index, finer leaves with short
compact cellsandlower total cell wall and lignin contetitan poofperforming perennial
ryegrass cultivar&den Haan et al., 2009). Shtavater content relative to wear tolerance has also
shownmixedresults (Bourgoin et al., 1985; Brosnan et al., 2005; Trenholm et al., 2000).

Cultivars of Kentucky bluegrass exhibited average wear tolex@ropared to the high

wear tolerance of perenhiyegrass and tall fescue cultivdiscause oits higher shoot density
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andrecovery capabilities (Cereti et al., 2010Jhen maintained at 3.7&m and subjected to
studded roller traffic over agear period in British Columbia, Canada, perennial ryegras
cultivars, followed by Kentucky bluegrass cultivarsdithe highest wear tolerance determined
by greater tiller densityFushtey et al., 1983). Howeveé,gblét al. (2015) reported thgteater
tillering count did noimprovewear tolerance, buitheran increase in the number of vascular
bundles, leafwidth, -crosssection area, an@ngle were associated with better wear tolerance.
Trenholm et al. (2000) reported different wear tolerance mechanisms for both seashore paspalum
ecotypes and bermudagrdmgrids C. dactylonX C. transvaalensiBurtt-Davy).

Wear tolerance of turfgrass depends on a variety of factors such as species, cultivar,
intensity of culture practices, environmental conditions, maturity of stand, intensity of traffic,
type of traffc, mowing heightthatch depth, and other factors (Beard, 1973; Canaway, 1981,
Cereti et al., 2010; Dunn et al., 1994; Minner et al., 1993; Lulli et al., 2012; Sheanthan a
Beard, 1975a Youngner, 19611962. Some turf characteristics and management jgexcti
appear more frequently linked to improved wear tolerance than others. These include increased
mowing height, thatch thickness, shoot density, leaf green biomass; and moderate fertility levels;
with mixed results with total cell wall content, lignin ¢ent, leaf width, and tillering number
(Beard, 19731 9 7 6 ; Brosnan et al ., 2005; Ceret.i et al
2015; Lulli etal., 2012; Shearman and Beat8y75a,1975b,1975c; Trenholm et al., 1999, 2000;
Youngner 1961, 1962).he importance of a single physiological, morphological, or anatomical
trait for wear tolerance may depend on turfgrass species and environmental conditions at the time
of traffic stress.

Differences in traffic tolerandeave been reportatbt only betwee C3 and C4
turfgrasses, but also within both C3 and C4 grassdiset al. (2012) reported three @fasses
including:6 Ti f way 419 6C. taetylonvarddactylona G. srangvaalensiBurt-
Davy], O0ZeoZbnatekgy s a a d rsaadharé paspdaunP@aspalum vaginatujm
had better wear tolerance than a mixed stand ajr@8sesonsisting of70% perennial ryegrass
+ 30% Kentucky bluegrass; all grasses were maintaineecat 8ndsubjected to simulated
studded f oot machkirefnia greebhpusesstudys por t 0

Dunn et al. (1994) applied traffic with a modified Brinkman traffic simulator in the
spring and fdlto turf plots consisting ahixtur es o f 6 Mi di rCodaclylop+te r mudagr
varying C3grass specie3.heyreported thébermudagrass onyand three mixturesf
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bermudagrass + fine fesc[éhewings fescueHestuca rubrd.. subspcommutataGaud.) or
bermudagrass Hard fescueKestuca longifoliarhuill.); or bermudagrass ereeping red fescue
(Festuca rubra.. subsprubra Gaud.)] were the most damaged, while mixtures of bermudagrass

+ Kentucky bluegrass (bl e n3d4s6,o0 fa nddT obuAcniedr oi wenado, )
of bermudagrass + perenni al ryegrass (bl ends
ard O T lzad thedbgst traffic tolerance, whistas mostly due to thieme of year of traffic
application.Traffic was applied to turf plots in the spring and fall in Missouri, which are times of

the year that are more favorable gwowth for the C3 grassKentucky blegrass and perennial
ryegrasghanthe C4 grasbermudagrasshus more able to recover from traffic than

bermudagrass. Therefore, weather conditions, soil moisture, and time of the year of traffic play a
significant role intavhich C3 or C4grassesanbetter toleate traffic and recover more rapidly.

Past traffic research in C3 grasses has consistently reported that perennial ryegrass and
tall fescue have the highest wear tolerance among C3 grasses and Kentucky bluegrass to have
slightly lower traffic tolerance than the two aforementioned turf species (Canaway, 1981; Cereti
et al., 2010; Shearman and Beard, 1975a).

Differencesdn traffic tolerance have been obsenadong cultivars within turfgrass
species (Beard, 1976; Brosnan et al.,2@xreti et al., 2010jen Haan et al., 2008ushtey et
al., 1983 G gbNet al., 2015Minner et al., 1993; Trappe et al., 201¥inner et al. (1993)
evaluated numerous cultivars of Kentucky bluegrass, perennial ryegrass, and tall fescue during
several mlti-year National Turfgrass Evaluation Performance (NTEP) trials subjeci€d to
passes per day, three days per week, witBthekman Traffic SimulatoréAmericadKentucky
bl uegrass r ecei v ehttharewere Eleacddferénesstraffic tolerartce n g
amongcultivars of all three species (Minner et al., 1993)e same authors reported there was
morevariation in traffic tolerancamongcultivarsof Kentucky bluegrass than amotadj fescue
or perennial ryegrasalltivars.6 Me y e r 6rasg i japonicgd Wwasone of the top performing
zoysiagrass cul t i wanplétsin anef avd yearTkagpd et al.n2d1d) f u | |

Typically, turfgrassesvith aggressive growth habigll recover more quickljfrom
traffic. Youngner (1961)eported stoloniferous warseason grasses suchtadle y e r 0
zoysiagrass and ber mld)a gr edessmn@gdn@Gdgrassesn d 06 U
Furthermore, weaolerancewas consistently greater aoysiagrasso er mudagr as s, and

tall fescue thain other turfgrass species.
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In general, C4 grassesch as zoysiagrass and bermudagrass have greater wear tolerance
thanothe C4 grasses and most C3 grag&sard, 1973; Carrow, 1995; Lulli et al., 2012;
Youngner, 1961). Also, perennial ryegrass aildi¢scue tend to have the best wear tolerance
among C3yrasseswith Kentucky bluegrass having less equal wear tolerance to perennial
ryegrass (Beard, 1973; Canaway, 1981; Carrow, 1995; Cereti et al., 2010; Dunn et al., 1994;
Fushtey et al., 1983; Mner et al., 1993; Sherman and Beard, 1975a; Youngner, 1961). Minimal
weartolerancaesearch has been conducted on buffalogésshloe dactyloide@Nutt.)
Engelm]comparedo other turfgrass species. Alderman (2016) reported medium to good traffic
toleamnce of & Co dBubhloddadtyfoiddgb7gecnavehsn exposed to varying rates
of traffic and nitrogen fertiliation More research is needed the traffic tolerance of
buffalograss compared to other speeigh good to excellent traffic tolancesuch as
zoysiagrass, perennial ryegrass, or Kentucky bluegrass.

Thesepreviousstudieswere all conductedn well-watered turfgrass. Based on personal
observations and not intensively studi€dyrowand Johnson (1996) and Beard{&Pstated
traffic applied during periods of dry weather conditions or wilt stress can possitgrbate
wear damageThereforeturf managersnay need tte more cautious with traffic control during
dry periodsBecause water restrictions for turf irrigation will likehcreasetheeffects of traffic
during drought stress requires further evaluation

Therefore pbjectivesof this studywere to evalateshootand soil water content
responses due golf cart traffic on botflC3 and C4turfgrass species maintainecad golf
course relad heights (fairwayand roughkheight) during simulated drought asdbsequent

recovery period (without trafficjunder a stationary rainout shelter.

Materials and Methods

Study Site
This field experiment was conducted in 2015 and 2016eaRocky Ford Turfgrass
Research Center, Manhattan, KS (lat. 39A 1356

clayloam (fine, smectitic, mesic Aquertic Argiudolls). Field plots under an existing stationary
rainout shelter were established iep$2014. The rainout shelter was a commercial greenhouse
design (Thermolator; Agra Tech Inc., Pittsburg, CA), measuring 10.67 m wide x 29.26 m long,
with an eave height of 1.07 m, and a ridge height of 4.27 m. Turfgrass buffer strips (space
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between thedge of the structure and the plots) were established at a width of 1.22 m running
alongeave forth and southsides and a width of 3.05 and 3.96 m on east andemest
respectively Rain gutters were installed along the eaves to capture runoff fracoteeduring
rain and move the water away from the plots. A new 0.15 mm clear greenhouse film (Warp's
Flex-O-Glass® Greenhouse Film$ Mil 4-Year UV Clear Film, Warp Bros., Chicago, IL) was
installed for each 4tlay simulateedrought period on 30 Jer2015 and 27 Jun2016 and
removed on 10 Aug2015 and 7 Aug?016.
Treatments

Sixty-four plots measurin@.83 x 1.37 neach included replicates of each treatment
combination This study was a-#vay factorial treatment design. The turfgrass main effect
includedl) & Ameri cad K2)YPtaor algy nb IGLRAr pL)H.8har pb rye
| mproved | | Buchtoa dattydoldgsgr asd @) OMeyer 6 zoysiagr
being randomly assigned to a ficomanmffet wi t hin
consisted afl) fairway- (1.6 cm) an®) roughheight (6.3 cm)each randomly assigned to a
Arowo within each bl oc k:1)Nohraffic {untraatetl ¢octrolpaadi n e f f
2) traffic (16 passes per weekpch randomlyassignd t o a fAwhol e subrowo a
study due to space restrictionkhe time main effect consisted of each rating date treated as a
repeated measure within each drought and recovery period.

Traffic was appliedveekly in straight lines with a golf daduring the drought period at
eight passes in oppositeelitionsfor a total of 16 passes per we&k. minimize the cumulative
traffic effectsacross yeardraffic in 2016was applied to a different area of the plots than in
2015 The golf cart was 2001 electric 36v0lt EZ-GO TXT Standard golf utility cart with
canopy and steel bed (472 kg) (141882Z-E50, Augusta, GA) with supplemental weight to
simulate two golfers & equipment (175 kg) traveling at 13 KimTrhe front tires were a Kenda
Hole-N-1 18x8.58 4-ply tubeless tires (103890868B1, Kenda Rubber Industrial Company,
Yuanlin, Taiwan) and the back tires were Carlisle Fairway Pro 18>@4ply tubeless tires
(5189761, The Carlstar Group LLC, Franklin Tidll tires were maintained at a pressof 124
kPa.

Plot Maintenance

The two C3 turfgrasspecies were established by seeding. Kentucky bluegrass was

seeded at a rate of 147 kg*rend perennial ryegrass at a rate of 244 kyjihats respective
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columns on 11 Sep?014. The two C4 spedgebuffalograss and zoysiagrass were sodded into

its respective columns from established swards at the Rocky Ford Turfgrass ResearabnCenter
22 Sept2014.After plots were seeded or sodded, a starter fertilize@82; LESCO Inc.

Cleveland, OH) waspplied at 37 kg N h&(22 kg Phosphorus Haon 11 Septand 22 Sept

2014, respectively. The plots were irrigated regularly to promote germination and establishment.
All plots werewell establiskedbeforethebeginning of thdirst simulateddrought inlate Juneof

2015

Standard agronomic golf industry fertilization procedures were implemented specifically
for both C3grasses and C4 grass&bkerefore, fertilization timings and amounts differed
betweenC3andC4 grassesUrea @6-0-0; Thrive Branded éttilizer, Mears Fertilizer Inc. El
Dorado, K wasapplied 449 kg N hal on 8 Apr, 21 Sept, and21 Oct in 2015, and 1 Apr
2016 on the C3 species; and 24.5 kg N b 22 Apr 2015 and 21 Apr2016 on the C4 species.
A polymercoated urea (48-0; Duration 120(120-day release)Xoch Agronomic Services,

LLC, Wichita, KS) was applied at 49 kg N-han 18 May 2015 and 22 May 2016 the C3
species and 74 kg N an 18 May 2015 and 22 May 2016 thre C4 speciesThus, theC3
species received 196 kghdit yr! and the C4 species received 98 kg N yral.

Fungicides for preventing and controllinBhizoctonidarge patchRhizoctonia solani
Kihn Anastomosis Group (A&-2 LP) wereapplied tozoysiagrass on 14 Seg014 and 19
Sept 2015. Individual or tank mixfungicidesfor prevention of dollar spoSglerotinia
homoeocarppg brown patchRhizoctonia solanKihn), and gray leaf spoPyricularia griseg,
and other turf diseases wexgplied toperennial ryegrass and Kentucky blueg@ssnultiple
datesthroughout the summegof 2015 and 2016Appendix Table B.1)Fungicides were
alternatecamongdifferent groups [= different modes of action / Fungicide Resistance Action
Committee (FRAC) Codes] to reduce the risk of fungicide resistance. For mate dieta
application dates, rates, and fungicideplementedsee Appendix Table B.1.

A commercially available herbicide mixture containing-B,4cid + mecoprojp acid +
dicamba acid (Trimec Classic, PBI/Gordon Corporation, Kansas City,wéSapplied at 13 kg
a.i. haton 31 Marand28 Apr. in 2015, and 6 May 2016 as spot treatments for control of
common dandelionT@araxacum officinal&Vigg.) and other broadleaf weeds. Oxadiazeter
butyl-4-2dichloro-5-isopropoxyphenylQuali-Pro Oxadiazon 2G, Conir8olutions Inc.,
Pasadena, TX) was applied to the entire site at 2 kg &.arh@ Apr 2015 and 4 kg a.i. hieon 8
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Mar. 2016 for control osummer annual weedsiooth crabgras®(gitaria ischaemum
(Schreb.) Schreb. ex Muhbhpdlarge crabgras€). sanguinalis (L.) Scog.] Other various
weedswvere removedby hand from 2014 through 2016.

An insecticideimidacloprid, [(6-Chloro-3-pyridinyl)methyl}-N-nitro-2-
imidazolidinimine (Merit 0.5 G, Bayer Environmental Science, Research Triangle Park, NC)
was applied to the entire site at 0.37 kg a.i ba 29 May 2015 and 22 May 2016 tbe control
of billbug (Sphenophoruspp.), southern masked chaf€y¢locephala lurideBland) and May
beetle Phyllophagaspp.) larvae.

Plots were mowed at least twicevaek and irrigated to prevent drought strestside of
the designated drought period

Data Collection

Datawerecollecedfrom 26 Jueto 18 Sept2015 and 23 Jwgto 15 Sept. 2016/isual
turf quality, PGC,turf firmness, andolumetricsoil water cotent(d,) were measured 4 days
prior tothedrought period (baseline p-d e o u g h t),aherpneekly thrdughout the drought
and recovery periods each y¢Appendix Figs. B.1, B.2, and B.3)ll four response variables
(VQ, PGC, turf firmness, andl) were always measured on the same day. Visual turf quedity
rated and averaged from two locations per plot on a 1 to 9 scale (1 = poorest quality, 6 =
minimally acceptable, and 9 = highest quality) according to color, texture, density, and
uniformity (Morris and Shearman, 1999). Percent green cover was measured from two locations
per plotwith digital photographs taken with a Nikon D5000 digital camera (Nikon Inc., Tokyo,
Japan) using a lighted camera box (51 cm x 61 cm x 56 cm) attached with a custom pink
template bordethatprovided an area of 50.8 cm x 18.8 cm. The camera was adjusted to manual
settingsof: f-stop of 5.6, 1/125 sec exposure time, and 8004f€xd. Images were analyzed
with SigmaScan Pro 5.0 (ver. 5.0, SPSS Science Marketing Depta, Ghic, Il L) wusing tFh
Anal ysiso macro for batch analysis for three
pixels (Karcher and Richardson, 2005). determine green pixels, the macro threshold settings
were adjusted to hue = 45 to 107 aatlgtion = 0 to 100Scan 1) For template pixels, the
macro threshold settings were adjusted to hue = 0 t8&(2, and again at hue = 108 to 255
(Scan 3, both at a saturation = 0 to 100. These threshold settings allowed for estimation of
pixels, eyressed as percentage of green turf color for each plot, calculated for each image by

using equatior3.1:
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0 Qi it Q®E L Bi [3.1]
where scan 1 pixels is the number of greeelp, total image pixels is the number of pixels for
the entire imageandscars 2 and3 are the total number of pink template pixels.

Turf firmness,or depth of travel (mm)was measured from four locations per plot using a
turf firmness meter (FieldSab TruFirm Turf Firmness Meter, Spectrum Technologies Inc.,
Aurora, IL).In 2015, urf firmness was not measured at baseline (26)Jurduring the first
week of the drought (3 39l because the instrument was not availadtdumetricsoil water
content(d,) was measuredt a 7.6 cm (averaged from 4 measurements per plot) with time
domain reflectometry (TDR), (FieldScout TDR 300 Soil Moisture Meter, Spectrum
Technologies Inc., Aurora, IL).

Ancillary Measurements

Weather datavascollected from an oite weather station positioned in full sun within
100 m of the study aredo evaluate potential microclimate effectsr temperaturand relative
humidity (RH) were monitored inside and outside of the rainout sitkltérg the drought
period Theseweathewariables wereneasuredising shaded, ventilated sersandrecorded
andlogged every hour (HOBO Pro V2, Onset Computer Corp., Bourne; bfsors were
placed at 15 cm above the groumdhich was slightly above the turf canopie®urly vapor
pressuraleficit (VPD) was calculated for both inside and outside the shBhetosynthetic
active radiation (PAR) was measured at approximately 1300 CST on.2@Lgand 18 July
2016 using a ceptometer (189, Decagon Devices Inc., Pullman, WA). Sixteen ran&&R
measurements collected from inside the shelter were averaged and compared with twelve random
measurements collected from outside the shelter.

Statistical Analysis

All four response variables (VQ, PGC, turf firmness, djdvere analyzed using a four
way analysis of varianceANOVA) with turf species, mowing height, and traffic as fixed effects,
block as a random effect, and date as a repeated measdithe three study periods (baseline,
drought, recovery) were eachadyzed separately in Proc MIXED of SASAS 9.4, SAS
l nstitute I nc., Cary, NC, USA). A several ste
specification for each baseline, drought, and recovery period of each year for each response
variable. Firs nonestimable covariance parameters were removed and appropriate denominator

degrees of freedom (DDF) were specified. Next, different varianeariance structures
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{compound symmetry [CS], autoregressive [AR(1)], toeplitz [TOEP], heterogenous compound
symmetry [CSH], heterogeneous autoregressive [ARH(1)], and heterogeneous toeplitz
[ TOEPH]} were investigated to find the best
and BIC = Bayesian Information Criteria were utilized to assess best fittingl ith@der is
better). Furthermore, studentized residuals were investigated to check assumptions of normal
distribution and homogeneous variance properties. If necessary, additional variance group
arrangements were specified. Significant outliers weredssected utilizing a conservative
Bonferroni adjustment and removed from the dataset. Once final model was determined,
summary of the statistical output was analyzed for each p@muendix Table B.R After
analysis of tpe Il tests for fixed effectsheF test for slice effects and the t test for slice
differences within each period were conducted utiliamgnservative Bonferroni adjustment
test for multiple comparisons.

Ford,, the turf species x date interaction was significant across both the drought and
recovery periods in each yg@ppendix Table B.3). Howeveoveralltheturf species main
effect contribuédto themajority ofdifferences among treatments at each datereforefor dy,
turf species x date interactiomeanswveresliced by date to compare the turf species main effect
at each date within both the drought dinelrecovery period as well as the baseline period in
both yeargAppendix Tables B.4 and B.5)

For bothPGC and VQthere were multiple treatment x date interactions significant for
the type Il tests of fixed effects for each study period and thewayrinteractiorof turf
species xmowing heighix traffic x date was only significant in year 2 (#gndix Tables B.6 and
B.7). Upon further statistical analysis, traffic treatments within eaolving heighof each turf
species at each daterhaving a significant efig on PGC and V@ each study period.
Thereforefor PGC and VQthefour-way cell means were sliced by turf species@wing
heightx date to compare the two traffic treatments within eaolwing heightwithin each turf
species at each date of each period, incluthetpaseline periodéAppendix Tables B.8, B.9,
B.10, and B.11)

Forturf firmness there were multiple treatment x date interactions significant for the type
[l tests of fixal effects for each study period (Appendix Table B.12). Further statiatiejsis
revealed different responsesttaffic treatments within eaamowing heightof each turf species

at each daterhereforefor turf firmnessthe four-way cell means were sliced by turf species x
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date to compare the four traffiaowing heightreatmeninteractions within each turf species
at each date of eattaseline drought, and recoveperiod(Appendix Tables B.13 and B.14)

For each response variable, a set ofpgamned contrasts were conducteccompare C3
vs. C4 turf species overall and at edackatment interaction (Appendix Tables B.3, B.6, B.7 and
B.12).

Results and Discussion

Site Weather Data

Monthly air temperaturesveragedlightly higher during the drought periad 2016than
in 2015 Table3.1). The averagair tenperature during the drought period (Jukggust) was
24.8°Cin 2015, 25.8Cin 2016, and 23 °C for the30-yea climate normahccording to
National Oceanic & Atmospheric Administratihable 3.1) The average air temperature
during therecoveryperiod AugustSeptemberwas23.6°C in 2015, 3.5°Cin 2016, and®3°C
for the 30yea climate norma(Table 3.1)In 2016, maximum and minimum temperatures were
higher in June and July, and minim@emperatures were higher in Augustan in 2015.
Therefore, slight differences in air temperatures may have influenced turf performance and
recovery between years.

Air temperature and VPD were slightly but consistently higher inside than outside the
rainout shelter (Appendix Fig. B.4). The insibeoutside air temperature differences during
daytime and nighttime were an average @@nd 126 °C, respectively, in 2015 and 0.8Z
and 0.94C, respectively, in 2016. The insitieoutside VPD differences during daytime and
nighttime were an average 14% higher and 25.6% higher, respectively, in 2015 and 12.5% higher
and 18.5% higher, respeatiy, in 2016.

In both years, there wasl&-11% reduction in PAR due to the plastic cover (data not
shown).This did not likely negatively impact the turfgrasses, because 25 to 40% reductions in
full sunlight are typically required before shading sympdiacome evident (McBee and Holt,
1966; Goss et al., 2002).

Soil Water Content
Volumetric soil water content was measured in each turf plot to evaluate the effects of

treatments on soil water content during the drought and recovery péibidsr turfgrass
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species were well watered before the drought period in each yead, vatiging from 45.4 to
51% (Figs. 3.1 and 3.2). There were statistical differences among species even at relatively high
dv at the beginning of both years. However, the differences did not likely confound turf
performance during the drought. For exampléfalograss started with lower soil moisture, but
then became higher among species during the drought.

In both years, as the drought progressed, differences emerged among species in the rate
of decline ofdy, which was more noticeable at 4 to 11 daysrofight, and thereaftef, among
species continued to separate as the drought advanced (Figs. 3.1 and 3.2). At 11 days of drought
in 2015, buffalograss and perennial ryegrass maintainaidove 29% while Kentucky bluegrass
was lower at 26.7% and zoysiaggagas not statistically different than other species at 27.7%
(Fig. 3.1). At 11 days of drought in 2016, again buffalograss and perennial ryegrass maintained
dv above 30% while both Kentucky bluegrass and zoysiagrass were lower at 26.7% and 25.8%,
respectrely (Fig. 3.2). In both years, as the drought progressed onward from 1Hdags,
higher in buffalograss and perennial ryegrass than in zoysiagrass and/or Kentucky bluegrass.
During the drought, each turfgrass species exhibited a similar trend foydaothin their rate of
decline ofd,. By the end of the 4dlay drought in 2015f, was similar between buffalograss and
perennial ryegrass at 17.1% and 16.9%, respectively and both were higher than in zoysiagrass
and Kentucky bluegrass, which were botli46% (Fig. 3.1). By the end of the drought in
2016,d, was higher in buffalograss at 21% than in all other species, which ranged from 14.6 to
16.9% (Fig 3.2). The different rates of declinednduring drought may have been related to
different wateruse rates among turf species. Typically, C4 grasses use less water than C3
grasses, especially buffalograss (Beard and Kenna, 2008). A lower water use rate would likely
resultin highed,, whi ch coul d i mprove the ®@asuimd 6s abili
progresses. The ability of buffalograss to extract water at deeper depths due to its deep and
extensive rooting ability may have contributed to less soil water use near the surface and
correspondingly, to the highdy among species in both yea@i&n et al., 1997)Hydraulic lift
has been documented in buffalograss to improve surface soil water status, this also could be
reason for highed, of buffalograss at0.6 cm (Huang, 1999).

Early in the recovery period in both yeadsincreased rapiglamong turf species due to
irrigation. In both yearsy, increased faster in C3 than in C4 grasses. This may have been

because the C3 grasses were more dormant than the C4 grasses by the end of the drought, based
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on visual observations and PGC and VOngdi If the C3 grasses weakan increasedormant
state Jess watewould be usedluring a slower exit from dormancy and initial regrowth.
Meanwhile, the C4 grasses were less dormant or perhaps not dormant at all. Thus, C4 grasses
were still actively graving and could utilize water immediately in the recovery period; hence,
lower corresponding.
Percent Green Cover and Visual Turf Quality

Percent green cover was measured and VQ was rated in each turf plot to evaluate the
effects of treatments on the performance of turfgrass sHoiffesrent responses to traffic during
drought were observedreang species within eachowing heightand betweemowing heighs
of each species during both the drought and recovery. &®s3.4, 3.5, and 3.6). Prior to the
drought and any application of traffic stress, PGC and VQ were similar between traffic
treaments within eacimowing heightof each species (Fig3.3, 3.4, 3.5, and 3.6during the
drought PGC and V@enerally declined faster in trafficked than imstaafficked plots due to
characteristics such as thinniofythe turfcanopy, loss of turfaor, and/or matting of the turf.
Drought

Within eachmowing heighthere were more dates during the drought with differences in
PGC and VQ, and typically differences were larger, between traffic treatments in C4 grasses than
in C3 grasses, and this trendswbserved in both years (Figs. 3.3, 3.4, 3.5, and 3.6). During the
6 measurement dates of the 2015 drought, PGC differences between traffic treatments within the
fairway mowing heighin Kentucky bluegrass, perennial ryegrass, buffalograss, and zogsiagra
were significant at 2, G, 3 dates, respectively, while differences between traffic treatments
within the rough height were significant at 2, 1, 6, 4 dates, respectively (Fig. 3.3). During the 6
dates of the 2016 drought, PGC differences betweeircttegbtments within the fairway
mowing heighin Kentucky bluegrass, perennial ryegrass, buffalograss, and zoysiagrass were
significant at 0, 0, 4, 4 dates, respectively, while differences between traffic treatments within the
rough height were significamat 0, 3, 6, 5 dates, respectively (Fig. 3.4). Averaged across all
drought dates in both years, traffic appliedentucky bluegrass, perennial ryegrass,
buffalograss, and zoysiagremtsfairway height reduced PGC by 14.3, 9.8, 12.4, 16.5%,
respectivelywhile traffic applied at rough height reduced PGC by 11.629.1,, 26.4%,
respectively (Fig. 3.3 and 3.4). A similar trend was observed in VQ ratings (Fig. 3.5 and 3.6).

However, this des noimean C4 grasses have less traffic tolerance than C3 graksdsetter
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drought tolerance of C4 than C3 grasses resulted in higher PGC and VQ of C4 grasses in the no
traffic plots, regardless ahowing height Conversely, the lower drought tolerance of C3 than

C4 grasses resulted in lower PGC and VQ in no trafli@lots. This implies that when traffic

occurs during drought stress, there is less chance for a decline in C3 grasses because they are
already in poorer shape than C4 grasses, even before traffic stress is applied. Nevertheless, if
traffic is applied to @ grasses during drought stress, PGC and VQdedrease faster than if no
traffic was appliedas observed in bothowing heighs in both Kentucky bluegrass and

perennial ryegrass in both years (Figs 3.3, 3.4, 3.5, and 3.6)

Reductions in PGC due to tfia mentioned above occurred more frequently in the rough
than the fairwaynowing height The larger separation between traffic treatments within the
(higher) rough compared to the (lower) fairwmpwing heighimay be due to severgictors
Although leafarea was not measured in my studhg toughmowing heightikely had more leaf
area than the fairway (Lee et al., 2011), allowing more opportunity for green cover and quality
loss. One might suspect the higheswing height fough that received traffievould perform
better than turf at fairwalyeight tat received traffic, but this was natserved in mgtudy.
Youngner (1962) reported contrary findings to my study that woéerancean C3 grass mixtures
was reduced at lower (1.Z2Mm) mowng height compred to higher (5.08m) height. However,
Youngner (1962) subjected the ttoftraffic with a different type of traffic wear stress machine,
andthe turfgrass was not under drought conditions. Als® turfgrass maintained at the lower
1.27-cm mowing heghtin Youngner (1962) may have received a lower quality of cut due to
lower quality mowing equipment at the time compared to the high quality of cut provided by
present mowing equipment that has been improved since 1962.

In my study, athe end of the 4#lay drought in 208, PGC intraffickedfairway plots
average®0% lowerin C3 and 3% lowerin C4 grasses than respectivantraffickedfairway
plots, while intraffickedroughplots PGCaveragd 26% lowerin C3and42% lowerin C4
grasses than respectinentraffickedroughplots. At the end of the 4Hay droughin 2016,

PGC in taffickedfairway plots averaged 6%6werin C3 and 27%owerin C4 grasses than
respectivenon-trafficked fairway pots, while PGC irtraffickedroughplots average36%lower

in C3 (excluding Katucky bluegrass) and 44% lowarC4 grasses than respectiat
traffickedroughplots. Therefore, traffic stress during a drought period may be more apparent on

higher mowed turfgrass
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In both years,ite only statistical differences PGC between traffic treatments at 4 days
of drought (16 traffic passes applied) occurred in the réwagght buffalograss and no other turf
species (Fig. 3.3 and 3.4). This may have occurred due to traffic applied to the buffalograss at
rough height cawesl a matting of the turfgrass leaves, thus loss of green gmmsonal
observation) Trafficked rough height buffalograss continued to decline in PGC until 18 to 25
days, hen started to increase in PGC.

The highest PGC and VQ nmontrafficked turfgrassat the end of the 4day drought
were in the two C4 grasses in both years (Fig. 3.3, 3.4, 3.5, and 3.6). More specifically, in 2015
the highest PGC at the end of the drought was 85.6% and 93.6% at the fairway and rough
heights, respectively, in nemafficked zoysiagrass; buffalograss and perennial ryegrass followed
closely, ranging from 78.8 to 84.9% (Fig. 3.3). In 2016, the highest PGC at the end of the
drought was in nottrafficked buffalograss, with 76.7% and 84.5% at the fairway and rough
heights, regectively, and zoysiagrass was not far off at 75.6% and 77.6% at the fairway and
rough heights, respectively (Fig.4).In both yearsnontraffickedbuffalograss at both the
fairway and rougieights had the highe®0 at the end of the drought periodtivratings from
7.3 to 8.9; zoysiagrass plots receiving no traffic were next hiftoest6.3 to 6.9 (Figs. 3.5 and
3.6).

In 2015, the highest PGC in trafficked plots at the end of the drought was in perennial
ryegrass with 62.5% and 50.8% at the fainaay rough heights, respectively (Fig. 3.3).
However, both trafficked buffalograss with 57.3% and 46.7% at the fairway and rough heights,
respectively, and trafficked zoysiagrass with 58.7% and 48% at the fairway and rough heights,
respectively, followed dsely within eaclmowing height(Fig. 3.3). Trafficked Kentucky
bluegrass had considerably lower PGC with 22% and 17.9% at the end of the drought (Fig. 3.3).
In 2016, across all plots receiving traffic, it was quite clear that PGC was highest in bu$slogra
at both the fairway and rough heights at the end of the drought with 57.7% and 48.8%,
respectively (Fig. 3.4). At the end of the drought in 2016, trafficked zoysiagrass had 41% and
25.7% at fairway and rough heights, respectively; trafficked pereryeigiass had 9% and 8%
at fairway and rough heights, respectively; and trafficked Kentucky bluegrass had 13% and 0.1%
at fairway and rough heights, respectively (Fig. 3y.trafficked plots again buffalograss
exhibited the highestQ at the end of thdrought period in both years and at bothfthevay
and roughheights with ratings from 5.2 to 7.5; zoysiagrass was next higlidgstatings from
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4.3 to 5.5; and trafficked C3 grasses ranged from 1 to 3.8 @lgand 3.6)The ability of
buffalograsgo maintain highed, as the drought period progressed may have influenced its
ability to maintain higher VQ and PGC during the drought petiothoth years, regardless of
mowing heightr traffic treatment, PGC of buffalograss at 18 to 25 days of drdugg#n to
increase as th@rought progressed (Fig.3 and 3.4). Thhigherd,, excellent drought resistance,
extensive root system, and osmotic adjustnaeility of buffalograss may have been
contributing factors (Huang, 1999; Qian and Fry, 1997; Qiah,e1997).

Non-traffickedbuffalograss and zoysiagrass maintained acceptéIe> 6 rating) at
bothmowing heighs for the entire 4tlay drought in both years. Whereas, across both years,
nonttrafficked Kentucky bluegrass and perennial ryegfasth mantained acceptable VQ for an
average 22 days &irway heightand 18 days and 29 days, respectivelypagh height. Across
both yearst fairway height, VQ was acceptabletiafficked Kentucky bluegrass, perennial
ryegrassbuffalograssand zoysiagrssfor an averagef 18, 22 41,33 days, respectivelyand
for an averagef 15, 18 22, 22days, respective)yat traffickedrough heightOur findings that
traffic during drought will accelerate the decline in PGC and VQ is similar to that of a
comparale traffic study (Hejl et al., 2016Yhose authors reported thaihsmer foottraffic on
fairway height 0 CTynddenadagciylonbradactylans @. transvaalensi
Burt-Davy] reducedGCandVQ at varying deficit irrigation levels, includiren unirrigated
treatmentalthoughall plots still receivedny occurring rainfall.
Recovery

At the start of the recovery period, PGC and VQ quickly increased after irrigation began
(Figs. 3.3, 3.4, 3.5, 3.6puring the Bmeasuremerdates of the 201&covery, differencesn
PGC between traffic treatments within the fairwagwing heighin Kentucky bluegrass,
perennial ryegrasduffalograssand zoysiagrassere significant a0, 1, 1, 1dates, respectively,
while differences between traffic treatmewfighin the roughheight were significant &1, 2, 1, 2,
dates, respectively (Fig. 3.3). During thenéasuremerdates of the 2016 drought, PGC
differences between traffic treatments within the fairwewing heighin Kentucky bluegrass,
perennial ryegrss buffalograssand zoysiagrassere significant a0, 0, 0, 2dates, respectively,
while differences between traffic treatments within the rough height were signifidar2, a2, 1
dates, respectively (Fig. 3.4.similar trend in the recovery periagas observed for VQ ratings

(Figs 3.5 and 3.6). The onm-two more dates of statistical differences that occurred between
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traffic treatments in the C4 grasses was due to the larger separations in PGC and VQ, mentioned
above, which developed during thedght. Therefore, the trafficked C4 grasses required longer
to return to similar PGC and VQ ratingsraspectivenon-trafficked plots However trafficked

C4 grassesvere either already ale acceptabl¥Q at the start of theecovery periodr if
belowacceptable VQ therecoveredaster than C3 grasses (Fi§ss and 3.6)More
specifically,across both years, C4 grasses in both traffic treatments were already at an acceptable
VQ (> 6 rating) at the start of the recovery period, with two minor exceptidamely, it

required 12 days for trafficked zoysiagrass to recover to acceptable VQ at rough height in 2015
and at fairway height in 2016 (Fig8.5 and 3.6). Meanwhile, trafficked C3 grasses averaged 31
days to recover to acceptable VQ, while #i@ificked C3 grasses averaged 28 days to recover.
This trend of recovery was similar to PGC measurements. &@and 3.4). Aross both years
trafficked C4 grasses averaged 12 days to recover to 75% PGC, whilafficked C4 grasses

were already above 75%:F at the start of the recovei@ne exception was ndrafficked
buffalograss at fairway height in 2015, which required 12 days to recover to 75YAPBEs

both years, G grasses subjected to traffic averd@8 days torecoverto 75%PGC while non
trafficked C3 grasseswveraged 18 recovery days (Figs3 and 3.4)The time required for nen
trafficked Kentucky bluegrass at both heights in 2015 anetradficked Kentucky bluegrass at
fairway height in 2016 to recover based on PGC and VQ was similae teported threeveek
recovery time observed in past drought research conducted on Kentucky blugbretss

implies a period of three to four weeks may be required for dreatgtgsed Kentucky bluegrass

to recover(Leksungnoen et al., 2009¥onsistentvith past drought research, the gressesvith

the slowestoss ofgreen cover (buffalograss and zoysiagrass in our study) typiealhyered

faster upon rewaterin@<archer et al., 2008; Steinke et al., 2010).

The performance and recovery of (b8 gasses Kentucky bluegrass and perennial
ryegrass varied from year to yealthough PGC and VQ were typically higher in perennial
ryegrass than Kentucky bluegrass within eadwing heighin both years. &st drought
researclon these two species has rapdrinconsistencig€hai et al., 2010; Minmer and Butler,
1985). Chai et al. (2010) reported better drought survival and recoveviiaKentucky
bluegrass than perennial ryegrass, whereasnédiand Butler (1985) reported cultivars of
perennial ryegassperformed bettethan Kentucky bluegrass during drought and recovargur

study, PGC and VQ were typically higher in perennial ryegrass during drought and also
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recovered faster than Kentucky bluegrass within eaaWwing heighix traffic combinationn
2015. In 2016, notrafficked and trafficked perennial ryegrass at the rough height performed
better and recovered faster than Kentucky bluegrass.

Interestingly, PGC and VQ declined rapidly in Kentucky bluegrass at rough height
regardless of traffic &gatment, with an atypical slow recovery in 2016 (F84 and 3.6). This
phenomenomvas notobserved among any of the other turf species in either year. More
specifically, in 2015, rough height Kentucky bluegrass declined to below 50% PGC at 41 days of
drought in nortrafficked plots and 25 days in trafficked plots. Whereas, in 2016, rough height
Kentucky bluegrass had declinexbelow 50% PGC at 18 days in ntmafficked plots and 11
days in trafficked plots and reached considerably lower PGC valuég leynd of the drought. A
similar trend was observed in the VQ ratings. One possible reason for this difference between
years may be due to a cumulative effect from repeating the drought on the same turf plots as the
previous year, therefore possibly a retilon in arbohydrate reservés 2016. The other C3 turf
plots, including Kentucky bluegrass at fairway height and perennial ryegrass at both heights,
exhibited a slight reduction in performance and recovery in 2016 as well. However, this trend
was notobserved in C4 grasses, and buffalograss actually had better performance and recovery
in 2016 than in 2015. Another possible reason for poor performance in rough height Kentucky
bluegrass in 2016 may be thlgghtly higherair temperatureduring the droughin 2016 than in
2015 as mentioned above (Table 3.1). Although soil moisture in all turf was maintained at
adequate levels prior to the drought in both years, the higher air temperatures during June 2016
could have led to Kentucky bluegrass at rough hedgperiencing more heat stress prior to the
drought period than in 2015. Therefore, in 2016, Kentucky bluegrass may have started the
drought period with a less healthy turf stand and possibly weaker root system. When compared
to the 2015 baseline periodlues, PGC and VQ ratings were considerably lower in 2016,
confirming a less healthy turf stand prior to the start of drought in @djGendix Tables B.8,

B.9, B.10, B.11) This phenomenon was only observed at rough height in Kentucky bluegrass,
and nonef the other turf specieslowever the PGCin roughheight Kentucky bluegragsegan

to increase at the end of the-dfy recoverperiod(Fig. 3.4). Based on past research by
Goldsby et al. (2015)f alonger recoveryperiod was made available my stud, it mayhave

likely recoveredo 75% orhigher PGCUnfortunately, ontinued measurement of the recovery
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past the 4@ay periodn 2016was not possible due to a new research project was planned to be
established under the stationary drought shelter.
Turf Firmness

Turf firmness was measured in each turf plot to evaluate the effects of treatments on the
firmness (surface hardness) of the turfgrass. of the 11 measurement dates in 2015, there were
two to four more dates with statistical differences antbegnowing heighix traffic treatment
interactions within Kentucky bluegrass and zoysiagrass turf species than buffatoglass
perennial ryegrass (Fi§.7). In 2016, all 13 measurement dates had statistical differences among
themowing heighix traffic treatment interactions within each turf species, except foas dat
Kentucky bluegrass (Fi@.8).

Across both years, the general trendlifour species at eaainowing heightand traffic
interactionwas that the surfadeecame more firm as the drdugperiod progressed axid
decreased, and alsscumulative traffic passes increaqé&igs. 3.7 and 3.8)n both years,
within each turfgrass species the lower fairway mowing height resulted in a firmer surface than
the higher mowing height, in respaateach traffic treatment. Also, there were more statistical
differences between traffic treatments within the higher rough mowing height than the fairway
height, this was more evident in 2016 due to more measurement dates (Figs. 3.7 and 3.8).
Therefore, lhe turf firmness was more impacted by traffic in the rough mowing height than in the
fairway heightHowever, these turf firmness valuesall plotswere quickly alleviated and a
deeper depth of travel (softer surface) weBievedmmediatelyafterthe gart of the recovery
period, most likelydue to theewettingof the soil surface with irrigation.

In both years, turf firmness was within a similar range am&egucky bluegrass,
perennial ryegrassind buffalograsat each comparative traffic x mawg height combination
during the drought and recovery period (i.e., 7.5 to 23 mm).(Bigsand 3.8). However,
zoysiagrass generally resulted in a softer surface compared to the other turf species at each
respective treatment combination during both the gltband recovery periods in both years.
This may be because zoysiagrass had a thicker thatch layer than the other turf species, based on
personal observations.

Dunn et al. (1994) reported a%6o 74%increase in surface haress readings by the
Clegg Immct Soil Tester (CIST) on trafficked compared to-tr@afficked turf, with the highest

ratings occurring at lower soil moisture levels. The Clegg Impact Soil Tester (also called Clegg
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Hammer or Clegg Decelerometer) is used to obtain a measurement afeterateon of a free
falling hammer from a set height onto a surface under test to determine hardness via an electric
pulse.The instrument used in my study is a sligméwerinstrument, but is essentially
measuring the same variable as the CIST. TiHditmness meter uses a hemisphshaped
hammer to measure maximum penetrating depth (displayed in 1/100th of an inch readings). Turf
firmness measures maximum penetrating depth, while CIST measures deceleration upon impact.
Past research has shown thisra strong negative linear and Alarear (exponential decay
model) relationship between measurements from thenstaumentf O6 Br i en )et al . ,
Results from my study are consistent with findings from other research. For example, Rogers and
Waddingbn (1990) reported decreageebk deceleratio(softer surfaceyvith increasing soll
moisture levels. Peak deceleration also decreased with incréaaioly and turf cover (Dunn et
al., 1994; Rogers and Waddington, 1992)e cushioning effect of thatclothonly creates a
softer turf surface, but may also increase wear tolerf@eard, 1973), which may have
contributed to better performance of zoysiagrass while under traffic stress in my study.
Conclusions

Overall, buffalograss consistently maintdihe highest soil moistured to 7.6 cndepth
amongspeciegluring the 4iday drought Thetrendsin VQ within treatmentsveresimilar to
PGC Overall, across all four turf speci€¥:C and VQ declineds drought stress progressed,
which was acceleratda traffic stress. The effects of traffic stress were more appaniit
greater differences IRGCandVQ values between traffiteatmentsn the two C4 thaimm the
C3 grasses. This was because no traffic treatments in C4 grasses maintaifrsaiCaglal\VVQ
throughout the drought due to better drought tolerance than the C3 grasses. The fainvey mow
height displayed fewer diffences betweetnaffic treatments compared to rough mogheight
within each turf species; therefore, traffic stress during a drqegtttd may be more apparent
on higher mowed turfgrass. The C4 grasses maintained and usually endedalyedddught
with higherPGC and VQn both traffic treatments and mowihgightsthanthe C3 grasses
ConsequentlyC4 grassesecoveed fasteto higherPGCandVQ than C3 grasse3he ability of
buffalograss to maintain higher soil moistdwgingdrought may havenprovedits ability to
maintain higheQ andPGCthan the other specie®verall, asl, decreased, the surfacéthe
turf species became mdiem, especially at the lower mowirgight. This effect was enhanced

by the application of traffic. The influence of traffic on turf firmness will depend on a variety of
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soil factors sug as soil nisture andurf species. The turf firmness may affect playabilityher
safety of the surfagehereforeit is an important factor to consider during times of drought.
Overall, traffic application during drought will have negative and accelerated smpettie
aboveground portion ofurfgrass, which will varyvith turf species and mang height.Further
research on the combined effects drought and traffic stress on thegabawdturf variables
should be conducted on additional turf speaspgecidly turf species that are known to have
improved drought resistance. Also, future research should investigate differemtgheights,
traffic application intensities, angrious lengthsf drought.

99



References

Alderman, E.J. 2016. The effect of manageitrpractices on buffalograss divot recovery and
tolerance to golf cart traffic. M. Thesis Kansas State Univ., Manhattan

Anonymous. 1964. The @ Course Reporter. August. Zb5.

Aronson, L.J., A.J. Gold, and R.J. Hull. 1987. Cseason turfgrasssponses to drought stress.
Crop Sci. 27:1261.266.

Beard, J.B. 1973l urfgrass: Sciece and culture. Prentidgéall, Englewood Cliffs, NJ.
Beard, J.B. 1976. Turfgrass wear. USGA Green Section Record. Ju®:10

Beard, J.B., and M.P. Kenn@d.).2008. Water quality and quantity issues for turfgrasses in
urban landscapes. Council for Agriculture Science and Technology, Ames, IA.

Biran, |., B. Bravdo, |. Bushkhiarav, and E. Rawitz. 1981. Water consumption and growth rate
of 11 turfgrasses as affectedtopwing height, irrigation frequency, and soil moisture.
Agron. J. 73:850.

Bourgoin, B., P. Mansat, A. Taleb, and M.H. Quaggog. 1985. Explicative characteristics of
treading tolerance iRestuca rubra, Lolium perennandPoa pratensisp. 235242.1n F.
Lemaire (ed.) Proc.™Int. Turfgrass Res. Conf. Avignon, France. Jul.1nst. Natl. De
la Recherche Agron., Paris.

Brosnan, J.T., J.S. Ebdon, and W.M. Dest. 2005. Characteristics of diverse wear tolerant
genotypes of Kentucky bluegrass. Crop 86i19171926.

Canaway, P.M. 1976. A differentialip wear machine (D.S.1) for the artificial simulation of
turfgrass wear. J. Sports Turf Res. Inst. 52892

Canaway, P.M. 1981. Wear tolerance of turfgrass species. J. Sports Turf Res. Inst137:108
Carrow, R.N. 1995. Wear stress on turfgrass: This common malady comes with the territory on
golf courses because of the significant impact of foot and vehicular t@éitCourse

Management. September.:83-53.

Carrow, R.N. 1996a. Drought avoidarstearacteristics of diverse tall fescue cultivars. Crop Sci.
36:371377.

Carrow, R. N. 1996b. Drought resistance aspects of turfgrasses in the southeabbabot
responses. Crop Sci. 36:68%94.

Carrow, R.N,and B.J. Johnson. 1989. Turfgrass weafgected by golf car tire design and
traffic patterns. J. Amer. Soc. Hort. Sci. 114.2415.

100



Carrow, R.N,and B.J. Johnson. 1996. Turfgrass wear stigffects of golf car and tire design.
HortScience. 31:96871.

Carrow, R.N., R.R. Duncan, J.E. Wey| and R.C. Shearman. 2001. Turfgrass traffic (soil
compaction plus wear) simulat®®esponses d?aspalum vaginaturandCynodonspp.
Int. Turfgrass Soc. Res. J. 9:2838.

Cathey, S.E., J.K. Kruse, T.R. Sinclair, and M.D. Dukes. 2011. Tolerance oiim@eseason
turfgrasses to increasing and prolonged soil water deficit. HortScience. 4@:3550

CEN. 20141.S. EN 15306: Surfaces for outdoor sports arelagposure of synthetic turf to
simulated wear. Ref. No. EN 15306:201@S 97.220.10

Ceretj C.F., R. Rugeri, and F. Rossini. 2010. Ceshison turfgrass species and cultivars:
Response to simulated traffic in Central Italy. Ital. J. Agron. 583
doi:http://dx.doi.org/10.4081/ija.2010.53

Chai, Q., J. Fang, E. Merewitand B. Huang. 2010. Growth and physiological traits associated
with drought srrvival and posdrought recovery in perennial turfgragesies J. Amer.
Soc. Hort. Sci. 13325133.

Cockerham, S.Tand D.J. Brinkman. 198& simulator for cleatedhoe sports traffic on
turfgrass research plot€alif. Turfgrass Cult. 39:90.

den Haan, J.W., B. Huang, J.A. Murphy, S.A. Bonos, M. DaCosta, and W.A. Meyer. 2009.
Morphological and anatomical variations among perennial ryegudthgars exposed to
wear stress. InfTurfgrass Soc. Res. J. 11:7787.

Dowgiewicz, J., J.S. Ebdon, M. DaCosta, and W.M. Dest. 2011. Wear tolerance mechanisms in
Agrostisspecies and cultivars. Crop Sci. 51:1A2243.

Dunn, J.H., D.D. Minner, B.F. Esenburg, and S.S. Bughrara. 1994. Bermudagrass and cool
season turfgrass mixtures: response to simulated traffic. Agron. J-B&:10

Fry, J., and B. Huang. 2004. Applied turfgrass science and physiology. John Wiley & Sons,
Hoboken, NJ.

Fu J., J. Fryand B. Huang. 2004. Minimum water requirements of four turfgrasses in the
transition zone. HortScience. 39:174044.

Fushtey, S.G., D.K Taylor, and D. Fairey. 1983. The effect of wear stress on survival of turfgrass
in pure stands and in mixtures. CanPlant Sci. 63:31322.

Gast, C. 1991. Learning to live with golf cart traffic. USGA Green Section Recordl29:9

101


http://dx.doi.org/10.4081/ija.2010.53

GgNb, T., and W. Szewczyk. 2014. I nfluence of
soil pore characteristics. Geoderma0-231:221228.
doi:10.1016/j.geoderma.2014.04.015

GgNb, T., W. SzewczwaldT. JeEerskilr015.aAsafomitalandK o wa l i k ,
morphological factors affecting wear tolerance of turfgrass. Scientia Horticulturae: 185:1
13.

Goldsby, A.L., D.J. Bremr, J.D. Fry, and S.J. Keeley. 2015. Response and recovery
characteristics of Kentucky bluegrass cultivars to extended drought. Crop, Fedage a
Turfgrass Management. 18l doi:10.2134/cftm2014.0087

Goss, R.M., J.H. Baird, S.L. Kelm, and R.N. Calhouf@Zdrinexapaethyl and nitrogen
effects on creeping bentgrass grown under reducktidanditions. Crop Sci. 42:472
479.

Huang, B. 1999. Water relations and root activitieBuéhloe dactyloideandZoysia japonica
in response to localized soil drgnPlant and Soil. 208:17886.

Huang, B.and J.D. Fry1999. Turfgrass evapotranspiratibm Kirkham, M.B. (ed.) Wateruse
in crop production. Food Products Press, Binghamton, NY.

Huang, B., R.RDuncan, and R.N. Carrow. 1999roughtresistance mdémnisms of seven
warmseason turfgrasses under surface soil drying: I. Shoot response. Crop Sci.-37:1858
1863.

Henderson, J.J., J.L. Lanovaz, J.N. Rogers, lll, J.C. Sorochan, and J.T. Vanini. 2005. A new
apparatus to simulate athletic field traffic: Tady Traffic Simulator. Agronl.
97:11531157.

Hejl, R.W., B.G. Wherley, R.H. White, J.C. Thomas, and C.H. Fontanier. 2016. Drefggztion
andsi mul ated traffic on ATi fwayd ber mudagr a:c
recovery. Crop Sci. 56:86817.

Karcher, D.E., and M.D. Richardson. 2005. Batch analysis of digital images to evaluate turfgrass
characteristics. Crop Sci. 45:153639.

Karcher, D.E., M.D. Richardson, K. Hignight, and D. Rush. 2008. Drought tolerance of tall
fescue populations selectd high root/shoot ratios andsuner survival. Crop Sci.
48:77%777.

Kilmartin, N.T. 1994. A laboratory study to investigate the relationship between percentage

modified acid detergent fiber and wear tolerance of.tdilum perenneultivars. J
SportsTurf Res. Inst. 70:13941.

102



Kim, K.S., and B. Beard. 1988. Comparativerfgrassevapotranspiratiomates andssociated
plant morphologicalltaracteristics. Crop Sci. 28:3331.

Lee, H., D.J. Bremer, K. Su, andJSKeeley. 2011Relationships betw@enormalized difference
vegetation index and visual quality in turfgrasses: Effects of mowing height. Crop Sci.
51:323332.

Leksungnoen, N., P.G. Johnson, and R. Kjelgren. 2009. Physiological responses to drought of
turfgrass species under field condisoortScience. 44:1170171.

Lulli, F., M. Volterrani, N. Grossi, R. Armeni, S. Stefanini, and L. Guglielminetti. 2012.
Physiological and morphological factors influencing wear resistance and recovery in C3
and C4 turfgrass species. Functional Plantdgjg. 39:214221.

McBee, G.G., and E.C. Holt. 1966. Shade tolerance studies on bermudagrass and other
turfgrassesAgron. J. 58:523%25. doi:10.2134/agronj1966.00021962005800050021x

Meyer, J.L., and \A. Gibeault. 1986. Turfgrass performance under reducigation.
California Agriculture 40:120.

Minner, D.D. and J.D. Butler. 1985. Drought tolerance of -saalson turfgrasses. p. 1292.In
F. Lemaire (ed.)Proc. Int. Turf. Res. Conf."5 Avignon, France. July 1985. Institut
National de la Recliehe Agronomique, Grenelle France.

Minner, D.D., J.H. Dunn, S.S. Bughrara, and B.S. Fresenburg. 1993. Traffic tolerance among
cultivars of Kentucky bluegrass, tall fescue, and perennial ryegrass. Int. Turfgrass Soc.
Res. J. 7:68694.

Moeller, A 2014.Golf cartsi profit center or nt? USGA Green Section Record. Api#i2:1-10.

Morris, K.N., and R.C. Shearman. 1999. NTEP tuafg evaluation guidelines. National
Turfgrass Evaluation Program, Beltsville, Md.

O6Bri en, D. PandM.DRi¢ghadsdkd.&2014. Ewluating new methods for
measuring putting green surface characteristics. Oral Presentation. Graduate Student Oral
Competition: Golf Course ManageménCultural Practices, Stress Tolerance, and Pest
Management. CO5 Turfgrass Science. ASASBSSSSA International Annual Meeting.
Long Beach, CA.

Perry, R.L. 1958. Standardized wear index for turfgrasses. Southern California Turfgrass
Culture. 8:3631.

Qian, Y., and J.D. Fry. 1997. Water relations and drought tolerance of four turfgragsasr.J
Soc. Hort. Sci. 122:12933.

103



Qian, Y.L., J.D. Fry, and W.S. Upham. 1997. Rooting and drought avoidance ofssason
turfgrasses and tall fescue in Kansas. Crop Sci. 379205

Rogers, J.N., lll, and D.V. Waddington. 1990. Effects of managepractices on impact
absorption and shear resistance in natural puf36-146.In R.C.Schmidt et al. (ed.)
Natural and artificial playing fields: Characteristics and safety features. Proc. Symp.
Characteristics and Safety of Playing Surfaces (A&réfiand Natural) for Field Sports,
Phoenix, AR. 6 Dec. 1988. ASTM. Philadelphia, PA.

Rogerdlll, J.N., and D.V. Waddingto992. Impact absorption characteristics on turf and soil
surfaces. Agron. J. 84:2a39.

Shearman, R.C., J.B. Beard, C.M. Hansand R. Apaclla.1974. A turfgrass wear simulator for
small plot investigations. Agron. J. 66:3334.

Shearman, R.C., and J.B. Beard. 1975a. Turfgrass wear tolerance mechanisms: I. Wear tolerance
of seven turfgrass species and quantitative methodeferndining turfgrass wear injury.
Agron J. 67:20811.

Shearman, R.Cand J.B. Beard. 1975b. Turfgrass wear tolerance mechanisms: Il. Effects of cell
wall constituents on turfgrass wear tolerance. Agron J. 672251

Shearman, R.Cand J.B. Beard. I@c. Turfgrass wear tolerance mechanisms: Il.
Physiological, morphological, and anatomical characteristics associated with turfgrass
wear tolerance. Agron J. 67:2238.

Shearman, R.C., R.N. Carrow, L.A. Wit, R.R. Duncan, L.E. Trenholm, and J.E. W20 &Y.
Turfgrass traffic simulators: A description of two spitbpelled devices simulating wear
and compaction stress injurytlifurfgrass Soc. Res. J. 9:3332.

Steinke, K., D.R. Chalmers, J.C. ThomaisdR.H. White. 2009. Summer drought effects on
warmseason turfgrass canopy temperatures. Applied Turfgrass Science
doi:10.1094/ATS2009030301-RS.

Steinke, K., D. Chalmers, J. Thomas, R. White, and G. Fipps. 2010. Drought response and
recovery characteristics of St. Augustinegrass cultivars. Gzcop&20762083.

Trappe, J.M., D.E. Karcher, M.D. Richardson, and A.J. Patton. 2011. Shade and traffic tolerance
varies for bermudagrass and zoysiagrass cultivars. Crop Sci. 57870

Trenholm, L.E., R.R. Duncaand R.N. Carrow. 1999. Wear toleranskoot performance, and
spectral reflectance of seashore paspalum and bermudagrass. Crop Sci-B95P147

Trenholm, L.E., R.N. Carrow, and R.R. Duncan. 2000. Mechanisms of wear tolerance in
seashore paspalum abdrmudagrass. Crop Sci. 40:135867.

104



Van Der Horst, J.P. 1970. Sports turf research in the Netherlands. J. Sports Turf Res. Inst. 46:46
57.

Vanini J.T., J.J. Henderson, J.C. Sorochan, and J.N. Rogers Ill. 2007. Evaluating traffic stress by
the Brinkman Traffic Simulator and Cady Traffic Silmtor on a Kentucky bluegrass
stand. Crop Sci. 47:78286.

Watkins, E., A.B. Hollman, and B.P. Horgan. 2010. Evaluation of alternative turfgrass species
for low-input golf course fairways. HortScience: 45:11118.

Wienecke, D. 2004. lteng the numbersell the story on car damage. USGA Green Section
Record 42:1114.

Youngner, V.B. 1961. Accelerated wear tests on turfgrasses. Agron. J. 23217

Youngner, V.B. 1962. Wear resistance of cool season turfgrasses. Effects of previous mowing
practices. Agon. J. 54:198.99.

105



Drought Recovery ]
a
050 | - -
b i
b
045 | -
£
5 |
©
£ 040 .
L
k=
L o035 -
c
S |
o
8030 | .
@
; .
S 025 -
%]
© —e—Kentucky bluegrass 1
g 020 r —+-Zoysiagrass T
=2 Buffalograss 1
o
> 015 r . 4
——Perennial ryegrass
010 11 1 1 1 1 1 1 1 1 1 1 1 1
6/26 7/3 7110 7 7/24 7131 8/9 8/14 8/21 8/28 9/4 9/11 9/18
(pre) (4) (11) (18) (23) (32) (41) (5) (12) (19) (26) (33) (40)

Date, 2015 (days of drought | days of recovery)

Figure3.1. Effect of turf species x date interaction sliced by date on volumetric soil water cafitent’cm®) at 0 to 7.6 cmin

Kentucky bluegrass, zoysiagrass, buffalograss, and perennial ryegrass in 2015. Drought consistedys witti no precipitation or
irrigation and with 0 or 16 golf cart traffic passes per week for a total of O or 9sgasshe end of the drought. Recovery consisted

of 40-days with no traffic and turfgrasses kept wedtered. Baseline, drought, and recovery periods were analyzed separately. Means
are average over four blocks, two mog/heights, and two traffic treatmts. At baseline (26 June), means with the same letter are

not significantly differPOntd.a@d&dar Aitnagltlo oT thkeeay aenotéigrjicantge satn s (
different atlhon= 0.001389.
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Figure3.2. Effect of turf species x date interaction sliced by date on volumetric soil veatient ¢, cn® cm®) at 0 to 7.6 cm in

Kentucky bluegrass, zoysiagrass, buffalograss, and perennial ryegrass in 2016. Drought consistagsoividi no precipitation or

irrigation and with 0 or 16 golf cart traffic passes per week for a total of 6 pagses by the end of the drought. Recovery consisted

of 40-days with no traffic and turfgrasses kept wedtered. Baseline, drought, and recovery periods were analyzed separately. Means
are average over four blocks, two mowheights, and two traffic¢atments. At baseline (23 June), means with the same letter are

not significantly differPOntd.a@d&Jar Aitnagltlo oT thkeeay aenotéigrjicantge satn s (
different atlhon= 0.001389.
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Figure3.3. Comparison of percent green turfgrass cover (%) between traffic treatments slicgfdspgciesmowing heightand date

in 2015. Drought consisted of 4fhys with no precipitation or irrigation and with O or 16 golf cart traffic passes per week for a total of

0 or 96 passes by the end of the drought. Recovery consistedlafd@vithno traffic and turfgrasses kept walhtered. Baseline (26
June), drought (3 July to 9 Aug), and recovery (14 Aug. to 18 Sept.) periods were analyzed separately. At each dateh within e

mowing heighof each turf species, means with the same letterbred t er s

a n @on=10.001 for 3 July through 18 Sept.
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Figure3.4. Comparison of percent green turfgrass cover (%) between traffic treatnieedsos turf speciesnowing heightand date

in 2016. Drought consisted of 4fhys with no precipitation or irrigation and with O or 16 golf cart traffic passes per week for a total of

0 or 96 passes by the end of the drought. Recovery consistedlafgl@ith no traffic and turfgrasses kept wethtered. Baseline (23

June), drought (30 June to 6 Aug), and recovery (11 Aug. to 15 Sept.) periods were analyzed separately. At each datgy within

mowing heighof each turf species, means with the samelett or no | ett er s ar e 0000625forg3nJuné i c an't
a n @on=10.001 for 30 June through 15 Sept.
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Figure3.5. Comparison of visual turf quality between traffic treatments shgetirf speciessnowing heightand date in 2015.

Visual turf quality was rated and averaged on a 1 to 9 scale (1 = poorest quality, 6 = minimally acceptable, and Qadiitghest
Drought consisted of 4dlays with no precipitation or irrigation andtiwi0 or 16 golf cart traffic passes per week for a total of O or 96
passes by the end of the drought. Recovery consisteddsy&with no traffic and turfgrasses kept welitered. Solid horizontal

black line signifies minimum rating for acceptable wuglity. Baseline (26 June), drought (3 July to 9 Aug), and recovery (14 Aug.
to 18 Sept.) were analyzed separately. At each date, withimeagimg heighof each turf species, means with the same letter are
not signifi carrD.00g25darf f2e6r edmut 0.€altfrRidulythrough 18 Sept.
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Figure3.6. Comparison of visual turf quality between traffic treatments sliced by turf spewesng heightand date in 2016.

Visual turf qualiy was rated on a 1 to 9 scale (1 = poorest quality, 6 = minimally acceptable, and 9 = highest quality). Drought
consisted of 4days with no precipitation or irrigation and with 0 or 16 golf cart traffic passes per week for a total of 0 or 96 passes
by theend of the drought. Recovery consisted oi&§s with no traffic and turfgrasses kept wedtered. Solid horizontal black line
signifies minimum rating for acceptable turf quality. Baseline period (23 June), drought period (30 June to 6 Aug), ewd recov
period (11 Aug. to 15 Sept.) were analyzed separately. At each date, withm@aitg heighof each turf species, means with the
same |l etter are nobn=9.D06§25iof 28 duaerabdh, y 0.001 fdr 80eJune throughals Sept.
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Figure3.7. Comparison of turf firmness (depth of travel, mm) betweewing heighix traffic treatments sliced by turf species and
date in 2015. Drought consisted ofddys with no precipitation or irrigah and with O or 16 golf cart traffic passes per week for a
total of O or 96 passes by the end of the drought. Recovery consistedaysi@ith no traffic and turfgrasses kept wedtered.
Drought (3 July to 9 Aug), and recovery (14 Aug. to 18 Semrpvanalyzed separateft. each date, within each turf species, means

with the same l|letter asme MhoA0G4ghifforc and | du0DPOB4Torisdlumgh a9 Alug.
through 18 Sept.
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Figure3.8. Comparison of turf firmness measurements (depth of travel, mm) betnereng heighix traffic treatments sliced by turf
species and date in 2016. Drought consisted -@fad/s with no precipitation or irrigation and with 0 @ dolf cart traffic passes per
week for a total of O or 96 passes by the end of the drought. Recovery consistathgs$ 4dth no traffic and turfgrasses kept well
watered. Baseline (23 June), drought (30 June to 6 Aug), and recovery (11 Aug. to 1WweSenalyzed separately. At each date,

within each turf species, means with thaeaeown=sadmeO 0208 efrakrs r2 3no0J un
0.000347 for 30 June through 15 Sept.
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Table3.1. Monthly maximum, minimum, and mean air temperatures from Aug. 2014 through
Sept. 2016 from an esite weather station and-3@ar climate monthly normals.

Monthly MeanTemperature®C)

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

2014
Min -- -- -- -- -- -- -- 196 13.7 7.2 -43 -2.7
Max -- -- -- -- -- -- -- 326 266 215 9.7 57
Mean -- -- -- -- -- -- -- 261 201 144 2.7 15
2015
Min -89 96 -03 69 118 184 20.7 173 172 80 25 -24
Max 6.7 3.7 162 202 228 305 316 304 294 219 159 091
Mean -1.1 -29 79 135 173 244 26.2 239 233 149 92 33
2016
Min -64 -34 21 72 110 194 212 194 160 -- -- --
Max 42 115 179 208 236 325 320 302 282 -- -- --

Mean -1.1 41 10.0 140 173 26.0 266 248 221 -- -- --

Climate Monthly Normals

Min -81 -59 -09 54 120 172 20.2 188 132 6.2 -0.7 -6.7
Max 48 81 139 196 248 301 331 323 277 209 130 5.8
Mean -16 11 64 125 184 237 266 256 204 136 6.2 -04
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Chapter4-Per f or mance and Recovery
Drought a8dr @ssSkosiilc and Root

Abstract

During drought, turfgrass on golf courses continues to receive vehicular or foot traffic.

Drought resistance and traffic tolerance irigtassediave been investigated separatély
objectives were to evaluate siiipactsand root responses tfo coolseason (C3) [Kentucky
bluegrassFoa pratensid..) and perennial ryegraskdlium perennd..)] and two warmseason
(C4) grassegbuffalograss Buchloe dactyloide@Nutt.) Engelm] and zoysiagraggoysia
japonicaSteud.)}at golf courserelated mowng heights [1.6cm (fairway) and 6.4m (rough)]
with and without simulated traffiduring a simulated drought and subsequent recovery period
(without traffic). Measurements included gravimetric soil water cont@had soil bulk density
(1), both at 86 cm, soil penetration resistance (SPR) at five depths fréh 16 cmandroot
biomassroot length densitygverage root diameter, and root surface at€e30.5 cm depth
Buffalograss had highev at the end of droughDuring droughtSPR at deeper depthad more
commonlyin fairway plotsincreased and exceeded the critical value of 2.0.MRer recovery,
SPR returned to a similar range as thegmmught periodThe decreasing soil moisture due to
drought led to a minimal impact fiotraffic ony», SPR, and root measuremeritse two C3
grasses had higher root biomass, surface areapahténgth densityn the upper soil profile
than the two C4 grassasthe end ofi1-day drought. However, buffalograss, zoysiagrass, and
perennial ryegrass haarger root diameters, which may have led to better soil compaction
resistance and greater capabilities of exploring deeper dépikbetter drought performance
than Kentucky bluegrasblost differenceswithin soil and root measurementgre dueo the
effects ofdrought stresswhile the traffic main effect was netgnificant across abbelowground
measurementd herefore, turf managers may see minimal ingpaetsoil and root
characteristicérom traffic application during a drought peridéurtherresearch is recommended
to attain better understandinfjtbe combined effects of drought and traffic stress onrapiacts

and root responses of turfgrasses.
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Introduction

Irrigation of turfgrass areas during periods of drought has become more eédsanct
negatively viewed by the public. During periods of severe drought and water shortages, turfgrass
may receive little to no irrigation for extended spans of time. Drought resistance and recuperative
potential of turfgrass species has been researcttedsévely in the past. Overall, drought
resistance I s a combination of the plantds ab
2004). The ability to maintain quality during drought stress, typically by deep rooting, is referred
to as drought avdance, whereas the ability to recover after experiencing symptoms of drought
stress is referred to as drought tolerance (Fry and Huang, 2004). In general, threeasom
(C4) turfgrass species have better resistance to drought stress thaeasmwol (CBspecies due
to their more efficient photosynthetic pathwboyyer evapotranspiratiorT) rates, higher levels
of osmotic adjustment, higher cell wall elasticity, ddter tolerance to low leaélative water
content all of which provide better droughesistance than C3 grasses (Beard, 1Béard and
Kenna, 2008Biran et al., 1981Fu et al., 2004; Fry and Huang, 2004; Huang and Fry, 1999;

Kim and Beard, 1988; Meyer and Gibeault, 1986; Qian and Fry, 188Wmon aboveground
responses to droughtess include a decrease in turf quality, growtjor (clipping yield),

verdure, shoot density, tillering, and co{greenness)and an increase in leaf wilt, firing, and
canopy temperatures. For more informationaboveground responses seédpter 3.

Differences havalso been reported among turf species in root production and viability during
drought stress (Aronson et al., 1987; Beard, 1973; Carrow, 19986b; Huang et al., 1997a,
1997b; Minner and Butler, 1985; Su et al., 2008).

One plant mechams that is known to help avoid drought conditions is the ability to
produce deep roots (Levitt, 1980). Root growth and funetresignificantly impacted due to
dry-down of soil surface layer (Smucker et al., 1991). When cultivars of tall feSeati¢a
arundinaceaSchreb. Syrschedonorus arundinace8shreh) were exposed to moderate drought
stress during a twgear field study in Griffin, GAgreateroot length densities deeper in the soill
profile at the 2660 cm depth were associated with less leafdiand wilt, whereagreater root
length densityn the upper soil profile at the B) cm depth related to greater leaf firing and wilt
(Carrow, 1996a). As the upper profile of the soil dries, some turf species may increase root
production ateepedeptts. Carrow (1996b) reported a-&id difference in root length density
at 2060 cm depth across seven turfgrass species. Differences in rooting among species and/or
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cultivars has been observed under both-weller conditions and fulkdried conditions (Caow,
1996a,1996b; Ensign and Wiser, 1975; Hays et al., 1991; Huang, 1999; Lehman and Engelke,
1991; Leksungnoen et al., 2009; Marcum et al., 1995a,1995b; Qian et al., 1997; Salaiz et al.,
1991; Su et al., 2008).

Root el ongati on wa sb ugfrfe&toeg daatgiostieBNut) Pr ai r i e
Engel m] than wit hZoySidMapgneadtéud.y umdesotihwwel-wateredor (
fully-dried soil profile conditions (Huang, 1999). Buffalograss has excellent drought resistance
due to its deep, extensivoot system and zoysiagrass has been shown to be more drought
sensitive and possess a shallower root system than buffalograss (Huang, 1999; Marcum et al.,
1995a,1995b; Qian and Fry, 1997; Qian et al., 1997). Differences in root distributioaffeay
water uptake rates among turf 8yrldoe daetgoid¢gsHu an g,
and eight cultivars of bermudagrag€yhodon dactyloilL.) Pers.] all survived a 66ay drought
in San Antonio, TX grown on an unrestricted native silty clay baiineither survived when
rooting was restrictedtoad0m soi |l depth (Steinke eRestued ., 20
arundinaceq produced 180 to 270% greater total root length freh20 cm than three C4
grasses in the greenhouse and 39 to 1g®4ter total root length from®0 cm than C4 grasses
in the field in Manhattan, KS (Qian et al., 1997). Qian et al. (1997) also reported during the five
7- or 12day precipitatiorfree periods in the field, tall fescue extracted 50% more soil water than
bermudagrass and zoysiagrass at 90 cm, and buffalograss extracted 66% more soil water than
zoysiagrass at 90 cm during one of the precipitdftiea periods. Cathey et al. (2011) reported
OEmpired Zgaponicaddg matrella( . ) Merrngd DO AHagpalunt as s (
notatumF|l ugge), and OFI| or StenatapbrunSsecundaiuiivglu) Kuntzeh e gr a s s
all extracted similar water amounts, although zoysiagrass had the lowest water use rate and less
leaf firing under increasing drought stsethan the other grasses. Therefore, although rooting
depth and distribution play a major role in water uptake and drought avoidance, differences in
water use rates among turf species also plays a major role in drought resistance.

Not only are there diffe@nces in rooting characteristics among turfgrass species, but also
among cultivars within turf species. Differences in root production have been recorded among
cultivars of tall fescue (Carrow, 1996a); creeping bentgragoétis palustrigHuds.) (Lehman
and Engelke, 1991; Salaiz et al., 1991); Kentucky bluegkass ffratensid..) (Ensign and
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Weiser, 1975); buffalograss (Marcum et al., 1995a); zoysiagrass (Marcum et al., 1995b); and
bermudagrass (Hays et al., 1991).

Differenceshave also been observationg turf species rootingin well-watered plots.
Su et al. (2008) reported differences in rooting characteristics frorwatdred (100% ET
repl acement) pl ot Bestucaddupdinacgahay lbighdr eodt prodéiceos atu e (
deeperdepths (30 cm), whil e OTher nfadaraéhhiferaldrr. XPpd r i d bl
pratensi3 had greateroot length densitgand root surface area at shallow depth8q@m) than
60Dynastydé tall f escue Poagpratgneid,l oabn dK diyiitiduvcekiyl 1bel du e
bluegrasgPoa arachniferaX Poa pratensisunder a rainout shelter. However, the greaiet
length densityand root surface area in the upper soillaye8@ cm) afi ®&Thed®mhybri
bluegrass did ndtanslate to better aborground perforranceduring water defici{Su et al.,
2008).Overall, turfgrasses with deeper rooting capabilities and greater root production are likely
to retrieve more water from deeper in the profile and thus, will typically have an advantage
during periods of drougl{tHuang et al., 1997h).

During drought, turfgrass areas such as golf courses generally continue to receive play
from golfers. This results in vehicular or foot traffic stress to turfgrass during conditions of
drought stress. However, little research hesrbconducted on the combined effects of drought
and traffic stressThe National Golf Foundatiogestimated that 80,00@otorizedgolf carts were
in use in 1963, by 1990increasedo approximatel\800,000 to 850,000 (Anonymous, 1964;
Gast, 1991)In 2006, 69% of all rounds of golf in the United States were played with golf carts
(Moeller, 2014). Golf cart traffic, regardless of golf cart type or tire design, can have immediate
wear damage on turfgrass, especially if traffic frequency is high or traffipplied by sharp
turns or semcircle driving patterns (Carrow and Johnson, 1989; 1996). Two golfers using one
golf cart has been estimated to increasatheunt ofturf area impacted by 48 times compared
with walking golfers (Wienecke, 2004). For maketails on traffic application methodgjies in
past turf research sedn@pter 3.

Traffic stress can result in turfgrass wear damage, soil compaction, soil displacement, and
turf removal or divots (Beard, 1973). Turfgrass wear damage from traffic stezgl/gmpacts
the aboveground portion of the turfgrassd is discussed in more detailGhapter 3whereas

the belowground portion is morafluenced by soil compaction.
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When traffic stress is applied, it is very unlikely wear damage will occur wigwue
degree of soil compaction as well. Soil compaction is the pressing of soil particles more tightly
together, thus reducing pore space and creating a denser soil mass. In turfgrass systems, this
typically occurs in the upper soil profile, near thefate The intensity of soil compaction will
be influenced by soil texture, soil structure, moisture content, pastegedistribution, plant
factors, type of traffic applied, and frequency of pressure applied from traffic (Beard, 1973,

Carrow and Petrogj 1992). Soil compaction can be measured by soil bulk deps)tgr(d soll

penetration resistance (SPR) (syn. soil compaction or soil strength). Aciagkd/or SPR

usually indicates high soil compaction due to low soil porosity, poor infiltration, restricted root

growth and more. Compacted soil can affect planitinég restricting root growth penetration

and growth, reducing soil aeration, nutrient uptake, and water movement (Beard, 1973; Carrow

and Petrovic, 1992). Soil compaction will also reduce shoot growth, thus reducing the

recuperative potential foraturfga s s t hat has been injured by we
Similar to wear damage, the effeofdraffic stress on soil compaction can also be immediate but

is more likely to behe outcome of longerm or high frequency traffic stress (Carrow and

Johrson, 1996).

The soil water content at the time of traffic can play a large role in the amount of
compaction, i.e. maximum compaction of the soil usually occurs when soil water content is near
field capacity, the aifilled pores can be overompressed dube water acting as a lubricant. As
soil water content decreases below field capacity or increases above field capacity, the potential
for soil compaction decreases (Lunt, 1952; Merkel, 1952; Swartz and Kardos, 1963). Boufford
and Carrow (1980) confiirmeadh i s i n a st and o fFediucsacarundinacday 3 16
subjected to traffic at different soil moisture levels. The highest bulk density measurements
occurred at and below field capacity (24 and 72 hours after watering, respectively) compared to
when the soil was at saturation or partial saturation (0 and 4 hours after watering, respectively)
(Boufford and Carrow, 1980). Therefore, one may suspect that traffic application on drier soils,
such as during drought, may have less of an impagt and/or SPRalthoughfurther research
is required At medium to higrsoil moisturelevels turfgrass receiving traffic will likely increase
in soil compactionj and SPR) compared to turfgrass receiving no traffic. Higher values of SPR
and} » were repated in trafficked plots comparedtononr af f i cked pl ots of é8B

(Festuca arundinacga, 6 Bar gr een |Fesiucacubralwsubspremmitates c u e (
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Gaud. ), OLi mous i nPBdapritensist,u caknyd bol Buaerggroassisé (per enn

(Lolium perenng..), all underwelwat er ed condi ti ons (GgNb and Sz
Root length and concentration in the upper soil prdfde decreased asincreased

(Lipiec et al., 1991, 2003). The effects of traffic on the turfgrass root system may not be

immediately gident after application of traffic, but may require time before detrimental effects

are seen; this effect of traffic on soil comp

1973). When 0x, 12x, and 24x soil compaction treatments were appliecte C3 species,

OPennfined pedoliempererad, roRagrraséd KeRoamateks)s bl uegr ¢

and O60Ka&rtou d kayFéstuda arandinaeganaintained at 5.1 cimowing heighin

Manhattan, KS reductions were seen in visual quadagycent turf cover, and total nonstructural

carbohydrates compaction traffic levels increaggthrrow, 1980). Perennial ryegrass Wess

affected by soil compactiothantall fescue and Kentucky bluegrass (Carrow, 1980). The only

adverse effects on parnial ryegrass from soil compaction were a reduction in root weight,

whereas Kentucky bluegrass exhibited redustiorverdure, shoot density, and root weight, and

tall fescue in verdure (Carrow, 1980). Visual quality and percent turf cover were highly

correlated with compaction tolerance, i.e. a higher compaction tolerance also had a higher visual

quality rating (Carrow, 1980However, an increase in compaction traffic resulted different root

biomass responses within each turf speatds/o soil depttzones (0 to 10 cm and 10 to 20)¢m

therefore, an increase in compaction traffic treatments did not always result in a decrease in root

growth(Carrow, 1980). Thirtyfive passes of traffic via a water filled, smooth power roller on

0 Ke n t-3ulcék yt a urder difleerert s0il moisture levels resulted in a 39% reduction in root

biomass at a-Q0 cm depth at four weeks after traffic was applied immediately after irrigating

the turf area to a standing water conditiorhffurtraffic treatment, 46.2% gravinrét soil water

content ()] compared to uncompacted (ntraffic) check (Boufford and Carrow, 1980). At four

weeks aftethirty-five traffic passesroot biomass at-Q0 cm was lower in the-Bour treatment

(traffic immediately applied after irrigating therf to a standing water conditio(§.08mg cn®)

thanthe 24hour treatment (traffic applied 24 hours after irrigatif@L3mg cm?), 72-hour

traffic (7.27mg cm®) and nortraffic check 8.31 mg cr¥); while no statistical differences

occurred at th&0-20 cm depthAt ten weeks after the traffic application, there were no

statistical differences in root biomass among the treatments at both depths (Boufford and

Carrow, 1980)Boufford and Carrow (1980) also reported a reduction in visual quality in
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compacted plots at 2, 6, and 10 weeks after traffic treatmagésn this occurred in plots that
had been subjected to traffic when the soil was saturated or near field capacity.

GgNb and Szewczyk (2014) investimficted t he
simulator on o6Barl eroyd tall fescue, O6éBargree
bl uegrass, and o6Bargol dé p enowngheighuinderwele gr ass m
water conditionsAt 0-15 cmthere was less root biomasstraffickedplots (6.80 mg cri¥) than
nontrafficked plots(7.99 mgcr) ( GG Nb and Szewczyk, 2014). Rega
tall fescue and perennial ryegrass had the highest root biomags®tOcm ( GGNb and Sz
2014).Traffic reduced root length densitiestail fescue and Kentucky bluegrabst notin
chewhngs fescue or per enniyka(®015) reported thas veear tolBrgndd  a n d
of turfgrasses was better estimated by using turf cover ratings, although turfgrasses with a higher
root biomass, root surface area, and average root diameter aisgpnaded weatolerance
with root length densitpf perennial ryegrass cultivars being positively correlated to wear
tolerance.

Overall, the effects of traffic stress can
ef fect o of s oiompadian cgn aegdtivelifectthe Sveralllhealth and vigor of
the turfgrass. The majority of the previously mentioned traffic studies have been conducted
during wellwatered conditions, with minimal investigation into the effects of traffic during dry
conditions, typically experienced during drought periods. Therefore, the combined effects of
drought and traffic stresses on turf species needs to be further investigated to understand how the
soil and root systems are affected to help develop possible eraaatidecisions.

Thereforemy objectives were to evaluatiee impacts osoil from, andtheresponsesf
rootsto golf cart traffic on botl€3 and C4urfgrass species maintained at two golf course
related heights (fairwayand roughheight) during a simated drought and subsequent recovery

period (without traffic) using a stationary drought shelter.

Materials and Methods

Study Site
This field experiment was conducted in 2015 and 2016 at the Rocky Ford Turfgrass
Research Center, Manhattan, KS (lat. B886 530 N, 96A 346510 ¥ W).

clayloam (fine, smectitic, mesic Aquertic Argiudolls). Field plots under an existing stationary
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rainout shelter were established in September 2014. The rainout shelter was a commercial
greenhouse dagn (Thermolator; Agra Tech Inc., Pittsburg, G#jh a0.15 mm clear
greenhouse film (Warp's Fle2-Glass® Greenhouse Film$ Mil 4-Year UV Clear Film, Warp
Bros., Chicago, IL) installed for each-day simulateedrought period on 30 e 2015 and 27
Jure 2016 and removed on 10 AP15 and 7 Aug2016.For rainout shéér dimensions and
details see Bapter 3.
Treatments

Sixty-four plots measuring 1.83 x 1.37 m each includiedplicates of each treatment
combination This study was a-&vay factorial teatment design. The turfgrass main effect
includedl) & Amer i cad KPoapratengp? )hdoduegorm sGLRO perenni
ryegrasqLolium perenng3)6 Shar ps | mpr ov édchlde daktylddgsfaridd)l o gr as s
OMeyer 6 zoysiagdreas Pewintgh reaamadlom pyeassi gned to
block. The mowing height main effect consistedlgffairway- (1.6 cm) and) roughheight
(6.3cmleach randomly assigned to a Arowo within
1) No traffic(untreated control) and 2) traffic (16 passes per wesglch randomly assigned to a
Awhol e subr owo tudydue to space rebtrectioddre timermain effect consisted
of each rating date treated as a repeated measure within each drougicbaady period.

Traffic was appliedveekly in straight lines with a golf cadtring the drought period at
eight passes in oppositeelitionsfor a total of 16 passes per we&k. minimize the cumulative
traffic effects across years, traffic2016was applied to a different area of the plots than in
2015 The golf cart was a 2001 electB6-volt EZ-GO TXT Standard golf utility cart with
canopy and steel bed (472 kg) (141882Z-50, Augusta, GA) with supplemental weight to
simulate two golfers & edpment (175 kg) traveling at 13 kmthThe front tires were a Kenda
Hole-N-1 18x 8.5-80 4-ply tubeless tires (103890868B1, Kenda Rubber Industrial Company,
Yuanlin, Taiwan) and the back tires were Carlisle Fairway Pro&8.80-80 4-ply tubeless tires
(5189761, The Carlsta&roup LLC, Franklin TN; all tires were maintained at a pressure of 124
kPa

Plot Maintenance

Standard agronomic golf industry fertilization procedures were implemented specifically
for both C3grasses and C4 grass&herefore, fdilization timings and amounts differed
betweenC3andC4 grassesUrea @6-0-0; Thrive Branded Fertilizer, Mears Fertilizer Inc. El
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Dorado, K wasapplied 449 kg N hat on 8 Apr, 21 Sept, and21 Oct in 2015, and 1 Apr
2016 on the C3 species; adl.5 kg N ha on 22 Apr 2015 and 21 Apr2016 on the C4 species.
A polymercoated urea (48-0; Duration 12qQ120-day release)Xoch Agronomic Services,
LLC, Wichita, KS) was applied at 49 kg N-han 18 May 2015 and 22 May 2016 the C3
species and 7Kg N ha! on 18 May 2015 and 22 May 2016 tire C4 speciesThus, theC3
species received 196 kg N'ha! and the C4 species received 98 kg N yral.

Plots were mowed at least twice a week and irrigated to prevent drought stress outside of
the desigated drought periockee @apter 3 for additional details on plot establishment and
maintenance procedures such as pesticide applications.

Data Collection

Datawerecolleciedfrom 26 Jueto 18 Sept2015 and 23 Jwto 15 Sept. 2018/Neekly
measurementsf volumetricsoil water contentd,), visual turf quality, percent green cover, and
turf firmness were discussed im&pter 3.

Prior to andafterthe termination of the drought period in both years, soil bulk density
( 4, g cntd) at the 86 cm depth was determined by equatohin accordance tUSDA-ARS
and NRCS, 2001)methods:

Y€ @6 0QE | QRO-w [4.1]
where volume of the soil core was 137.265cm | n pMBasusemenis during the geought
period were only collected in the fairway mowing height plots due to time constraints, but then
collected in all 64 plots, at bothowing heighs, after the drougigmer i od. pWwaa 2016, |}
collectedinall 64 plotspriortand aft er t he dgsamplegvastcollgetedfrionrod. On
each plot. After samples were collected, they were weighed separately for moist soil weight, then
dried ina forcedair oven for 4&h at 105°C, lastly weighed separately to determine dry weight.
Gravimetric soil water contentv( g g1), which is the weight of soil water per unit of dry soil

weight, was determined by equation 4.2:

Ol OU QAMD 6 GiEdE 60 Q¢ O [4.2]

for each ploprior to- andafterthe 4tday drought period.

Soil penetration resistandSPR,MPa) was measured from two locations per plot at 5
deptts; 0 cm, 2.54 cm, 5.08 cm, 26m, 10.16 cm using a haitetld digital cone penetrometer
(FieldScout, SC 900 Soil Compaction Meter, Spectrum Technologies, Aurora, IL}ithese
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each year (preard postdrought period, and pesécovery period). Penetrometer measurements
are typically reported as the cone index (CI) which is the shear resistance of the soil. Cone index

is measured in Pascals asdletermined by equation 4.3
060 - - [4.3]

whereF is thetotal force needed to push the penetrometer into the soil in Newtons (M)jsand
diameter of the cone (Jabro et al., 2014; Randrup and Lichter,. Z0@&Lpredrought period
measurements signif§PR values prior to any drought or traffic stress applié@ post
recovery period measurements immediately followed the recovery perioedafy$Qvith
adequate soil moisture and no traffic applied. The-gomiight period measurements were
conducted five days after the drought ended water was applied his wasbecause BR
measurements immediatedfterthe drought periodbefore rewateringyvould have nohave
yieldedmeaningful datdecausehe soil moiture wastooloas st ated i n the ins
product manualThis was also noticed firsthand by the researchers SR&measurements
were taken on a weekly basis throughout the drought peri2@ili

In 2016, one soil core (5.08 diam. x 30.5 cm depidis collected from each plot at the
end of the drought period using a hdreldd soil core sampler (SST SCS #404.67, AMS Inc.,
American Falls, ID). Roots were washed, dyed with methyl blue [acid blue 93
(Cs7H27N30sSN&2), Sigma Chemical Co., St. Louis, NI@nd water solution (5 g methyl
blue L water), scanned at 800 dpi, and analyzed with WinRHIZO (version 2003 b, Regent
Instruments, Quebec City, Carmgdo determine root length (cm), average root diameter)(
and root surface area (@mRoot length dnsity (cm cri¥) was calculateds root length divided
by the volume othesoil core. Total root biomasses were then dried in a feagealven for 48 h
at 13 °C and weighed separatelydetermine dry root biomass(y cn®).

Ancillary measurements

Weather data was collected from angite weather station positioned in full sun within
100 m of the study are@o evaluate potential microclimate effects, air temperature and relative
humidity were monitored inside and outside of the rainout shelteseTWeather variables were
measuredising shaded, ventilated sersandrecorded antbgged every hour (HOBO Pro V2,
Onset Computer Corp., Bourne, MAgnsors werplaced at 15 cm above the groumdich
was slightly above the turf canopiéourly vaporpressure deficit (VPD) was calculated for
both inside and outside the shelter.
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Statistical Analysis

Gravimetric soil water content, soil bulk density, and root measurements were analyzed
using a threavay ANOVA with turf speciesmnowing heightand traffc as fixed effects and
block as a random effect. Soil penetration resistance was analyzed usingvayAAINOVA
with turf speciesmowing heighttraffic as fixed effects, block as a random effect, and depth as a
repeated measure. Gravimetric soil watartent and soil bulk density were analyzed for each
pre-drought and posirought period separatel$oil penetration resistaneeas analyzed
separately foeach period opre-drought, postrought, and postecoveryperiodwithin each
year.All variables were analyzed iProc MIXED of SAS §AS 9.4, SASnstitute Inc., Cary,
NC,USA))Aseveral step process was used to assure
each preand postdrought period of each year fps andw, for 2016 posidrought period for
root measurements, and for eadhhe three periods of each ydar SPR First nonestimable
covariance parameters were removed and appropriate denominator degrees of freedom (DDF)
were specified. Next, only fahe SPR different varianceovariance structures {compound
symmetry [CS], autoregressive [AR(1)], toeplitz [TOEP], heterogenous compound symmetry
[CSH], heterogeneous autoregressive [ARH(1)], and heterogeneous toeplitz [TOEPH]} were
investigated to findhe best fitting model. For atheasured ar i abl es, AI C = Akai
Information Criteria and BIC = Bayesian Information Criteria were utilized to assess best fitting
model (lower is betterfor all response variablestudentized residuals were investighte
check assumptions of normal distribution amthogeneous variance propertiésiecessary,
additional variance group arrangements were specified. Significant outliers were also detected
utilizing a conservative Bonferroni adjustment and removed thendataseOnce final model
was determined, summary of the statistical output was analyzed for each(pepeddix
Tables C.1 and C)2After analysis of type Il tests for fixed effedtsr SPR the F test for slice
effects and the t test for sliceffdrences within each period were conducted utilizng
conservative Bonferroni adjustment test for multiple comparigesrseach response variable, a
set of preplanned contrasts were conductedompare C3 v<C4 turf species overall and at
eachtreatnent interactionCorrelations amongpot measurementgs, SPR w, visual turf
guality, percent green covef, and turf firmness were performed for the combined-gostight

periods of 2015 and 2016 with the correlation procedure (Pearson) of SAD@elations
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among} b, SPR w, d,, and turf firmness wengerformedacross all prelrought and postirought
periods of 2015 and 20Mth the correlation procedure (Pearson) of SAS 9.4.

Results and Discussion

Site Weather Data

Monthly air temperatureseported in Gapter 3averagedalightly higher during he
drought periodn 2016than in 2015. Monthly soil temperatures measured at depths of 5.08 and
10.16cm averaged slightly higher during the drought and recovery in 2016 than in 2015 (Table
4.1)Beard (1959) reported soil temperatareasuredta 15.2-cm depth was the best indicator
of turfgrass root growth. The optimal soil temperature range for growth is 10°@fb8 C3
grasses and 24 to 3G for C4 grasses (Aldous and Kaufmann, 1979; Dipaola and Beard, 1992;
Huang et al., 1998; Huang and Liu, 2088te et al., 2006 Averaged across both depths, the
average soil temperature during the drought period {Augest) was 25.2C in 2015and 26.6
°Cin 2016 (Table 4.1). Averaged across both depths, the average soil temperature during the
recovery perioqAugustSeptember) was 237C in 2015and 24.4C in 2016.In 2016,
maximum soil temperatures at both depths were higher from March through September than in
2015. The variability in soil temperatures may have influenced turf performance and recovery
between years. Air temperature and VPD were slightly but consistently higher inside than
outside the rainout sheltdrefer toChapter Jor moreinformationon insideto-outside the
shelter differences of air temperature &RD.

Soil Water Content

Gravimetic soil water content was measutecevaluate the effects of treatments on soil
water content at @6 cm depthThe only statistical differences wmwere duedo theturf species
main effectin thepostdroughtperiods(Table 42). Prior to drought in &h yearw valueswere
at adequate leve(80.4 to 34.%) for turfgrass growtltand there were no statistical differences
(Table 4.2). After the 4tlay drought, buffalograss at 14.5% had high&nan the other three
species (10.4 to 12.6%) in 2015, andfdlograss at 15.2% was higher than the other three
species (11.4 to 12.3%) in 2016. Perennial ryegrass at 12.6% was also higher than Kentucky
bluegrass at 10.4% at the end of the drought in 2015. These findings for-threyayht and
postdrought periodagree withdy as measured wi TDR at 7.6 cmreported in @apter 3.
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When pooled oveboth predrought and postrought periods fothe entire 2yea study, a strong
correlation occurred betweanandd, measurements = 0.973;P < 0.001; n = 224) (Appendix
Table C3). Weeklyd, throughout the drought and mae@ry periods was discussed ihapter 3.
Briefly, there were differences oh among turf species within each date during the drought and
recovery periods each year. Volumetric soil water content during teérsafredrought) and
recovery periods were adequate for turfgrass growdinn and at the end of the-4lay
droughtin both yearsbuffalograss consistently had the higlgstmongspecies, with perennial
ryegrass similar at times. By the end of dneught,d, waslowestin Kentucky bluegrass 2015
and 2016 and also zoysiagrass in 2015

Thedifferencedn w amongturf speciesat the end of the 4day droughtnay bedue to
different water use rates. Typically, C4 grassss lessvater than C3 grags, especiallthe C4
buffalograss (Beard and KenrD08). The ability of buffalograss to extract water at deeper
depths due to its deep and extensive rooting may have contributed to less soil water use near the
surface and correspondingly, to its higheait 0-6 cm depttamong species in both years (Qian
et al., 1997)Differences in water use rates wilkiarn affect soil water content status, and
potentially affect t he t and/drbtadficardsasitimet y t o t ol e
progresse€One other possibility for highev at 0-6 cmin buffalograssamong species in both
years could bdue tohydraulic lift, which has been documented in buffalograss to improve
surface soil water status (Huang, 1999).

Soil Bulk Density

Soil bulk density wasneasuredo evaluate the effects of treatments on soil compaction at
a06cmdepthThe only st at i sweredue lothd turf spesiesenaic effectin n
the 2015 postirought period (Table 4.3). Inthepder ought peri ood of both vy
measurements among turf species were at similar levels of 1.27 to 1.20igy 2015 ad 1.26 g
cmi®in 2016 (Table 4.3). Aftethe41-day drought in 2015, regardlessmdwing heighior
traffic treatment, buf f gdthd4gaersttmanihkedtucly si gni f i
bluegrass at 1.33 g ¢chand perennial ryegrass at 1.36 g%iinut not zoysiagrass at 1.38 g&m
(Table 4.3) After the drought in 2016, turf species wearotdifferent, however, a similar trend
occurred, as observed in 2015, where both C4 grasses at 1.3%gard  h i vglhes than j
both C3 grasses at 1.33%@®4 g cnt (Table 4.3). For the 2015 pedtought period, the higher

} b measured in buffalograss may have been due to a slightly thinner turf canopy and less thatch
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layer than the other turf species, based on personal observation, therefore, morelibypacte
traffic applied. However, this not likely the main contributing factor, because zoysiagrass had a
denser turf canopy and thicker thatch layer than buffalograss, based on personal observations,
but typicall y pvaeesasbtffelagrasneactsyeami | ar )

Accordingto USDAARS and NRCS (2004dfgragltyclagledm nes, i ©
should be lessthan 1.40géfmor o pt i mu m ppth.55na1.6@Qg cthiwa sty clay
l oam will start t pgreatérfhaiced gamonil testriptrramtvgtoith. Ina nd |
bothpredr ought prprabldspl ot s were adegaibh4dgcecmand wel
threshold. The 2015 prédrought period average across all 32 plots was 1.28{pom the 2016
pre-drought periodiverage across all 64 plots was 1.26 ¢ ciine only occurrence above 1.40
g cnt within the turf species main effect was buffalograss at 1.44%cthe 2015 post
drought ©peri od.pabdve .40 gsrpfe the 2015 pastiroLight,perig was
typically measured in trafficked plots, with the trafficked buffalograss at faim@ying height
(151gcen) measur i n g(datama shbwn)glh 20%6t thege were fewer instances than
2015 wmeasueed gbove the ideal 1.40 gofmea not shown), and similar to 2015, the
h i g hpaérsatment interaction mean of 1.45 gtwas in buffalograss receiving traffic at
fairway heightA |l t h o up@dove 1.40 g crioccurred more often in trafficked plots than
nonttrafficked plots for bdt postdrought periods, the traffic main effect was not significant
(data not shown).

Contrast ompari sons revealed thaaldlgcrgthanasses 0\
C3 grasses overall at 1.34 g@&in 2015postdroughtand C4 at 1.37 g ciandC3 grasses at
1.33 g cn? in 2016postdrought(Table 4.3) The mearn , for each C3 and C4 grass grouping is
the averages from values in Table 4rBboth yearsgontrasicomparisons revealed that C4
grasses r es pthah @dyradses wien jgdbed to traffic, with C4 at 1.46 g chand
C3 at 1.38 g crin 2015 and C4 at 1.40 g ctand C3 at 1.36 g ciiin 2016 (Table 4.3). In both
year s, comparisons al so r evethaneCdgrdasdesatfairl@dy gr as
mowing heightwith C4 at 1.42 g crand C3 at 1.36 g cffin 2015 and C4 at 1.39 g ¢hand
C3at1.34gcmin2016 C4 gr ass es ptleah G3gradses dt rongiogihgeneight
andnonttraffic treatments in 2015

In well-watered conditionsG § Nb  a nzgk (281 )erepartedoiur trafficked C3
t ur f gr as s epshanitheidnodraffigkedecountgrpartdHowever, h my study,

128



decreasing soil moisture due to drought may hiadecedd i f f e r @ lmetwees trafficked}
and nontrafficked plots. Therefordraffic application on drier soils, such as during drought,
may havear e d u c e d pedmpared with wedlvater conditions. My researchasnsistent
with past research that showed decreased potential for soil compaction as soil moisture decreases
below, or increases above field capacity (Boufford and Carrow, 1980; Lunt, 1952; Merkel, 1952;
Swartz and Kardos, 1963).

Even though not statistically compared, after theldy drought » values were
numericallyhigheracross all plots comped to predrought period values.ferefore, after a
period of drought stress, regardless of turf speniesying heightor traffic applicationturf
managers may likely seechange ny campared to prerought stress due to spatial variability,
soil heterogeneitygnd temporal changes due to shrinking and swelling of thgGainbardella
et al., 1994; Logsdon and Cambardella, 2000; Nielsen, 19313) However, during drought,
traffic may not pimtafgrasslisnystudy, yraffic was appliadsf a short
duration during summeresults may vary ifraffic is applied ovetongerdurationof drought
conditions such as cumulative yesarthis should be further investigated in future research.
Nevertheless, as mentionedGhapter 3, the combinedfetts from traffic and drouglstress
will exacerbate the decline of theabeye ound porti on ofplevelsmaygr ass e
remainsimilar.

Soil Penetration Resistance

Soil penetration resistance was meastwegaluate the effects of treatments on saoil
compaction ab cm, 254 cm, 5.08 cm, 728cm,and10.16 cmdeptts. No treatment (turf species,
mowing heightor traffic) x depth interactiowas observedcross all measurement periods in
each year. (Appendix Table C.#Although,turf species at each depth withimawing keightx
traffic combination were having a significant effect on SPR within each pgmiedirought,
postdrought, and postecovery) Therefore, the fouway cell means were sliced byowing
heightx traffic treatment x depth to compare the four spedieseh measurement depth of a
mowing heightx traffic combination within a respective period (Appendix Tables C.5 and C.6).

Postdrought measurements were conducted five days after tdayddrought period
ended(i.e., after rewatering) due to instrumatndn limitation mentioned above in the materials
and methodsConsequently, since soil moisture was higher at five teysmmediatelyafter

the drought, SPRas likely lowerthanif it had been measured immediately following the
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drought(before rewateng). Nevertheless, postrought measurements still exhibited the effects
of drought and/or trafficas explained below

Differencesamong the four species at each depth withmoaving heightx traffic
combinationoccurred onc€2015) andwice (2016) duing the predroughtperiod;once(2015)
andnone(2016)during the postirought periodandtwice (2015) andive times(2016) during
the postrecovery periodqFigs. 4.1 and 4.25imilar toj » results differences in the prdrought
period can be attributed to lack of drought and traffic treatments being implemBEmicigw
statistical occurrences for each period may be due to the high variability among SPR
measurements within each treatmiaeteéraction, especially after the-4lay droughtwhichwas
alsolikely due to soil heterogeneisfter a droughtand/or possible instrumentation limitations.
Therefore, differences that did occur may not likely be due to treatment. Aéslanited
ocaurrences of statistical significance with the test for slice effects (comparison of turf species
with combination of depthmowing heightand traffic per respective periods across both years)
may be due to the conservative Bonferroni adjustniert(.005) used (Appendix Tables C.5,
and C.6). This was necessary to control the famike error rate due to simultaneous multiple
comparisons. Thereby reducing the likelihood of obtaining fadsative results (type | errors)
by chance. There were incidencagpss both years, where test for slice effeetalpies were
close t o ad pr®.0026, but nosigniicant, and tbuld be regarded as a false
negative result.

A higher SPR would signify more compact and unfavorable soil conditions for root
elongation and health. Silva et al. (1994) reported a critical value for SPR of 2.0 MPa, at which
point root growth would be strongly impeded. In both years, SPR exceeded the critical value of
2.0 MPa only in the postrought periodin both years, the sniakt differences in SPR among
turf species within each depthmowing heighix traffic combination typically occurred during
the predrought period, which is expected due to no drought or traffic stress priserss both
years anall five measurementegpths, theninimum and maximurmeasured SPR during the
pre-drought period was 02D and 0.939 MPa, respectivéhigs. 4.1 and 4)2Across both years
andall five depths, theninimum and maximummeasured SPR during tpestdroughtperiod
was 0509 and 26 MPa, respectivelAfter thedrought, SPR exceeded 2.0 MPa on 12
occurrences in 2015 and 26 occurrences in 2016. These were typically at lower depths, but also

more commonlyn fairway mowing heighplots. In both years, after a4y recovery, SPR
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values typically returned to a similar range as thedooeight periodAcross both years arall
five depthstheminimum and maximummeasured SPR during tpestdroughtperiod was
0.362 and 1.53 MPa, respectively

Even though not statistically comparedeaf period of drought stress, regardless of turf
species, turf managers may likely see SPR at higher values, espedakypat depthand
possibly inlower mowing heighs. However, there was not a consistent increase SPR due to
traffic application dang drought stress. The effects of drought may have reduced the smpact
from traffic, whereas G Nb and Sz aepartedyrkrease?l SPRAm)f trafficked C3
turfgrasses compared to ntafficked plots at wellvatered conditionsAfter a period of
recovery with adequate soil moisture and no traffic, 40 days in my study, turf managers may
likely see SPR return to similar values as that ofdsoeight stressPast research has shown that
turf species with good wear tolerance also have good soil coimpaalerance (Beard 973;
Carrow,1980 1995: GgNb a 20d5). Shensfere, resuks fronB@ptéret3 and 4
indicate the better aboxground performances of buffalograss, zoysiagrass, and at times,
perennial ryegrass compared to Kentucky bluegrass may possibly be dtietcdil
compaction tolerance

Root Measurements

Root biomassroot length densitygaverage root diameter, and root surface a@a
measured to evaluate the effects of treatments on the root syst@B3@bacm depthMowing
heightand traffic had minimal effis on root parameters (Table 4B)rf species main effect
was significant across all root parameters. Statistical differences occurred at the turf species x
mowing heighinteraction foraverage root diametéFig. 4.3).

Immediately after the drought the second year there were similar treimdtbreeof the
four root parameterfor the turf species main effedtiamely,root biomass, root length density,
and root surface ared 0-30.5 cmwere higher in the two C3 grasses than the two C4 grasses
following the 41day drought period (Table 4.4). Roothroot biomass and root surface area
Kentucky bluegrass and perennial ryegtaasd 46 to 70% more root biomass and 170 to 200%
more root surface ar¢han zoysiagrass and buffalogré$able 4.4). Kentuckpluegrass had a
greater root length densitjanthe other three species, gmerennial ryegrass was higher than
the two C4 grasseQverall, the C3 grasses had 150 to 290% greater root length density than C4

grasses. HoweveKentucky bluegrasBad the mallest root diameter than tléher three
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specieswith a 20 to 23% decrease in root diameter compared to the other three ¢pabies.
4.4).Buffalograss and zoysiagrass may have had a deeper root system, thus more roots below the
measured 0 to 30.5 cdepth.Mowing heightand traffic main effects were not significant for
any five root parameter€ontrasicomparisons of C3 vs C4 grasseerall, at eacimowing
height and traffic treatment for each rooting parameter were all highly significant aratedirr
the results from the turf species main effect (Tablg 4.4

The only significant treatment interaction was turf specie®wing heighfor root
diameter(Fig. 4.3). This interaction provided a clearer representation of the effects of drought,
regardess of traffic treatments, oot diameteof each turf speciesmowing height
combination.The highest#erage root diametemccurred irbuffalograss and zoysiagrass both
at roughmowing heightandperennial ryegrass at fairwayowing heightall threewere higher
than Kentucky bluegrass at battowing heighs, which had the lowest root diametérke root
diameter of the two C4 grasses at fairmaywing heightand perennial ryegrass at rough height
were also higher than Kentucky bluegrass at fairwaghtiebut not Kentucky bluegrass at rough
height. There were no differences between themwewing height of Kentucky bluegrass.
Based on these results, the roots of Kentucky bluegrass, regardieswiofy height were the
smallest in diameter of the slied turf species. However, as mentioned above, the other root
parameters were typically highest in Kentucky bluegrass. Based on personal observations,
Kentucky bluegrass generally had a dense mass of numerous small (thin) diameter roots
compared to the ber species, with perennial ryegrass exhibiting some similarities to Kentucky
bluegrassHowever the root systems of zoysiagrass and buffalograss were quite different than
Kentucky bluegrass, andt times perennial ryegrass. Zoysiagrass and buffalogi@asts were
generally less denswith fewer but larger diameter and longer intact rolbthe root system has
a dense mass of small (thin) diameter roots, as was observed with Kentucky bluegraset then
length densityandroot surface areaould meaare greater. When paad over the posirought
period a positivecorrelation occurred between root biomass, root surface area, and root length
density, whilea negative correlation occurred betweeot diameter anthe other root
parameterg¢Appendix Tale C.7). Other correlations amorgpt parameters b, SPRw, visual
turf quality, percent green covef,and turf firmness wermvestigatedAppendix Table C.7).

Root diameter was the only root parameter to be positively correlated with-gitmanrel
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response variables of visual turf quality, perameen cover, and turf firmness and also soll
moisture { andd,).

Past research has reportedt diametere f 0. 1 mm f or C3 turf gr ass
Szewczyk, 2015) and 0.3 to 0.4 mm for forage
root diameteof two C4 grasses and perennial ryegrass all measured greater than 0.2 mm, while
meanroot diametefor Kentucky bluegrass was 0.174 mm. Research in other plant species has
indicated that a | arger root di penetrtter 1 s t he
compacted soils (Clark et al., 2003). Therefore, buffalograss, zoysiagrass, and perennial ryegrass
with a largeroot diametein my study may have been more resistant to soil compaction and
more capablef exploring a large amount of soil, pdssiat deeper depths.

Lipiec et al. (1991, 2003) reportediecreasen root length and root concentration with
an increasgp in the upper soil profile. Similarly, imy study, root biomassndroot length
densitywere lowerin the C4 grasses, which hath i g h #han C3 grasses (Tables 4.3 and 4.4).

This same trend of lower root biomass and root length density with highbecurred in traffic
vs. nontraffic plots (Tables 4.3 and 4.4).

GgNb and Sz e wc zmpdbiomasss taaging onesHbto ¢.6& whg crmi
for trafficked grasses and 6.88 to 9.26 mg®dor nontrafficked grassesyhich was higher than
in my study; however, their grasses wesdl-watered.Those authorseported perennial
ryegrass had the highesiot biomasst 015 cmcompared to Kentucky bluegrass, tall fescue,
and chewings fescue, which is similar to my resultsGg Nb and Szewczyk (2014
greatemroot length densities than in my study, and traffic reduced root length denditip b
cmenm®. InGgNb and Szewc zy toot Bidn@staddoot lerigth densifyaleea t e r
at 015 cmcompared tany studyat 0-30.5 cmwould be expected because the turfgrasses were
well-watered and alsthve density of roots in turfgrass is typically greater near the surface. The
declines in root biomass and root length density due to traffic report@djbi b ewcayk S z
(20149 may have occurred because traffic was applied to turfgrass avatelled conditions,
whereas, in my study traffic had a negligible impact on root parameters most likely due to the
low soil moisture from drought stress.

At four weeks and &ér 35 traffic passes on tall fescue, Boufford and Carrow (1980)
reporteddifferences in root biomass atl® cmbetween trafficked5.08 to 7.27 mg ci#) and

nonttrafficked plots (831 mg cn¥). However, no statistical differences occurred at the@0
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cm. At ten weeks after traffic application, there were no differencesanbiomassamong the
traffic treatments at both depths (Boufford and Carrow, 1980). The study by Boufford and
Carrow (1980) was conducted on turfgrass at various soil water cgtgtmot prolonged
drought conditions. Carrow (1980) reported perennial ryegrass was the least impacted by soil
compaction compared to tall fescue and Kentucky bluegrass. Furthermore, different turf species
varied in their response to soil compaction, wiith only adverse effects on perennial ryegrass
being reduced root weight, whereas Kentucky bluegrass exhibited a reduction in verdure, shoot
density, and root weight, and tall fescue a reduction in verduney Btudy,root biomass& n d }
were similar betreen perennial ryegrass and Kentubkyegrass in 2016. However, imé@pter 3
| reported that while both turf species performed similarly algyeend at fairwaynowing
height percent green cover and visual quality were higher in perennial ryegrass Kertucky
bluegrass at the roughowing height Therefore, although root parameters may be similar,
aboveground responses may vagong turf species after a drought and/or traffic application
period possibly due to leaf morphology/physiology differesice

GgNb and Szewczyk (2015) noatlgomass,eodtsurface f gr as
area, and larger root diamet@dimprovedwear tolerancewith root length densitpf
perennial ryegrass cultivars being positively correlated to wear tolefEmsecorrelation
between higher root parameter values and higher turf quality and green cover during the drought
was notobserved irmy study. However, a moderate positive correlation betweenhdiameter
and visual turf quality and percent green covas\present (r = 0.50P,< 0.001; n = 64)
(Appendix Table C.7)Similarly, in an irrigation deficit studygreater root length density and
root surface areim the upper soillayer(8 0 c¢cm) ail ®&Thedmhybrid bl ueg
translate to better alve-ground performance than other grashasng water defici{Su et al.,
2008).

As reported in @apter 3, the C4 grasses maintained higher green cover and turf quality
than C3 grasses during drought and traffic stresses. This occurred even thou@hdrasdses
had lessoot biomass, root length density, and root surface heaa@3 grasses from 0 t0.3
cm. The C4 grasses possibly had more roots than the C3 grassesradasomed depths below
30.5-cm, which would have allowed them to extract moreswdtrring the drought. Differences
in root distribution may contribute to different water uptake rates among species (Huang, 1999;

Qian et al., 1997). Also, even though the C4 grasses hagtadsiomass and root length
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densityat 0 to 305-cm, past tur§rass research has reported thétgrasses generally have a

more efficient photosynthetic pathway, lower ET rates, higher levels of osmotic adjustment,
higher cell wall elasticity, andetter tolerance to low leaélative water contenall of which

provide better drought resistance than C3 grasses (Beard,BO&@t and Kenna, 200Bjran et

al., 1981;Fu et al., 2004; Fry and Huang, 2004; Huang and Fry, 1999; Kim and Beard, 1988;
Meyer and Gibedt) 1986; Qian and Fry, 1997). Regardldssyre droughtesearch should

include turfgrass species and specific cultivars that exhibit deep rooting characteristics that help
avoid drought conditions.

Not only has there been minimal research conducted addressing the effects on saoill
properties and roots in buftajrass and zoysiagrass subjected to traffic stress, but also the
majority of past traffic research has been conducted orwatired turfgrasses with little
investigation into the effects of traffic on turfgrass during dry conditions. Therefore, comgariso
of root responses to past research are difficult to make.

Conclusions

At the end of a 4Hay droughty at 0 to 6 cm depttvas higher in buffalograss than the
other turf species. However, the-day drought resulted in minor differences among turfiggec
i n soil c¢compa c tpyam SPRaBecreadsbilimoistureeddringodyought may
have di mini s h esathd SPResde@allydetvecendraffiicked gnd rmafficked
plots. Therefore, during a droughtaffic may not increasp, and SR in turfgrassHowever,
after a period of drought stress, regardless of turf speniesing heightor traffic, turf
managers may likely see a chamges and/or SPR compared to pleought stresdue to soil
heterogeneity and temporal changes due fiolshg and swelling of the soiAfter a 41day
drought, SPRvashigher in all turf species across all deptmawing heighix traffic
combinationsand SPR at lower depths exceeded the critical value of 2.0ti*a,commonly
atfairway mowing heightwhich could impede root growth. After a-4fay recovery with
adequate soil moisture and no traffic, SPR generally returned to a similar range as the pre
drought period. After the drought, the C3 grasses had higher root biomass, root length density,
and surfae area, but not root diameter, than the C4 grasshe upper profile of 80.5 cm
However, with respect tol@pter 3 results, thagherroot biomass, root length density, and root
surface area at80.5 cm may not be a clear indicatoibetter aboveground turfgrass

performance during drought and traffic stress. Turfgrasses such as buffalograss, zoysiagrass, and
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perennial ryegrass with a largeot diametemay be more resistant to soil compaction and more
capable of exploring large volumes of spibssibly at deeper depths. This would allow them to
extract more water during the droughftost differencesneasuredavithin soil and root
measurementseredue to the effects of drought stress and not traffic stress, since the traffic

main effect was ndignificant across all beloground variables. Therefore, turf managers may

see a minimal impact on soil and root characteristics from traffic application during a drought
period.Investigating the combination of two stresses (e.g. drought and trafBsestjecan

sometimes lead to confounding resufarther research is recommended to attain a better
understanding on the combined effects of drought and traffic stress on soil and root responses of
turfgrassesMore specifically, m this study, traffic waapplied for a short duration during

summer, future research should investigate the effects of traffic application during drought over a
longer duration, such as cumulative yea&iso, investigation into additional turf species and

deeper root depth measments should be conducté&diture investigation should include turf
speciesand specific cultivars that exhibit deep rooting characteristics that help avoid drought

conditions.
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Figure4.1. Comparison of soil penetration resistance among turfgrass species slineding heighttraffic, and depth in 2015 for
pre-drouglt, postdrought, and postecovery periods, each was period separately anal@zédoenetration resistance (MPa) was
measured in two locations per plot at 0, 2.54, 5.08, 7.6, and 10.16 cm degptial red line at 2.0 MPa represents critical value of
soil penetration resistance that would limit root growtheach depth bynowing heighix traffic combination, turf species means
with the same letter or no letters horizontally are not significantly differditat 0.00417.
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Figure4.2. Comparison of soil penetration resistance among turfgrass species slineding heighttraffic, and depth in 2016 for
pre-drought, postrought, and postecovery periods,aeh period was separately analyzgdil penetration resistance (MPa) was
measured in two locations per plot at 0, 2.54, 5.08, 7.6, and 10.16 cm depths. ké&attice at 2.0 MPa represents critical value of
soil penetration resistance that would limubt growth.At each depth bynowing heighix traffic combination, turf species means
with the same letter or no letters horizontally are not significantly differditat 0.00417.
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Table4.1. Mean monthly maximum, minimum, mean soil temperaturési&cm [bolded]and (10.1é&cm) depths from August 2014
throughSeptember 2016 from an-site weather station.

Monthly Soil Temperaturg°C)
Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

2014
. 3 3} § § § § 23 185 128 34 2.6
(23.3) (19.3) (13.8) (4.9) (3.5
" 29 242 173 7.6 5
ax ” ” ” ” ” ” T (268) (2269 (16.6) (7.3) (5
v 26 213 151 55 3.8
ean N N - . . - N (25) (21) (152) (6.1) (4.2
2015
- 05 05 47 113 163 222 244 226 208 139 79 3
02 (1) (54) (12) (16.6) (22.3) (245 (23.1) (21.2) (15)  (9) (4)
" 1 19 102 171 216 276 295 274 249 182 114 56
ax 09 (2 (85 (153) (19.8) (25.7) (27.6) (25.8) (23.6) (17.3) (11.2) (5.5)
Vean 0.3 12 74 142 189 249 269 25 228 161 96 4.3
06) (16) (7) (13.6) (182) (24) (26) (245) (22.4) (16.1) (10.1) (4.7)
2016
- 03 26 74 116 148 226 241 234 209  _ ~ ~
1) (33 (81 (124) (154) (23) (24.4) (23.7) (21.5)
Max 12 57 122 18 224 324 314 289 257 ~ ~

(1.6) (5.1) (11) (16.3) (20.2) (29) (28.8) (27.0) (24.2)
Mean 0.8 4.2 9.8 148 18.6 27.5 27.7 26.1 23.3 B B B
(1.3) (4.2) (9.6) (14.3) (17.8) (26) (26.6) (25.4) (22.9)
ABolded number are soil temperatures measured at the @Rpth.
¥ Non-bolded numbers in parentheses are soil temperatures measured at tuerilOepsh.
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Table4.2. Analysis of variance for the fixed effects of turf speamrswing heightand traffic on
gravimetric soil water content at@cm depth measured at giought and posdrought in 2015
and 2016.

Gravimetric soil water conteht

Source 205 2015 2016 2016
Predrought  Postdrought  Predrought  Postdrought

Turf species (T) NS *ohx NS Kok

Mowing height(MH) -1 NS NS NS

T x MH -- NS NS NS

Traffic (TR) NS NS NS NS

TxTR NS NS NS NS

MH x TR -- NS NS NS

TXMHXTR -- NS NS NS

Contrags’

C3 vs C4 Turf species * ok NS *xk

C3vs C4 @ Fairway MH -- *x NS *AK

C3vs C4 @ Rough MH -- * NS *k

C3vs C4 @ Ndraffic NS *x NS *rk

C3vs C4 @ Traffic NS ** NS * ok

Ls mean$”

Turf species % % % %
Kentucky bluegrass 325 10.40 Y 30.4 11.4b
Perennial ryegrass 33.0 12.6b 334 12.4 b
Buffalograss 34.7 14.5a 31.7 15.2a
Zoysiagrass 34.5 11.3 bc 30.4 12.3b

Mowing height
Fairway 33.7 12.1 30.6 12.6
Rough -1 12.4 32.3 13.1

Traffic
No 33.7 11.9 30.9 12.6
Yes 33.6 12.5 32.1 13.1

*, ** and *** are significant at the 0.05, 0.01, and 0.001 probability level, respectively.
AGravimetric water contenty g g*) at the 86 cm depth was determined by extracting a soil core
from each platsoil core was theweighed for moissoil weight, then dried in a forceadr oven for 48

h at 1® °C, lastly weighed separately to determine dry weight.

¥1In 2015 predrought periodmeasurements were conducted only in the faimuawing heightdue to
time restrictions, but measured in batbwing heighs for all remaining periods 2015 and 2016

8 Not significant (NS).

TNot applicable, only measurements conducted on faimaying height(--).

# Contrasts among C3 turfgrass species (Kentucky bluegrass and perennial ryegrass) \graS4 turf
speciegbuffalograss and zoysiagrass).

A% s means for the main effect of turf specie®wing heightand traffic.

Y 3Within a column of the turf species main effeagans with the same letter or no letters are not
significantly differentaccordig t o Tukey6s Honest | RO SO.ghG).i cant
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Table4.3. Analysis of variance for the fixed effects of turf speamswing heightand traffic on
soil bulk density levels at-6 cm depth mesaured at prelrought and postirought in 2015 and

2016.
Soil bulk densit§
Source 2015 2015 2016 2015
Predrought  Postdrought  Predrought  Postdrought

Turf species (T) NS * NS NS

Mowing height(MH) -1 NS NS NS

T x MH -- NS NS NS

Traffic (TR) NS NS NS NS

TxTR NS NS NS NS

MH x TR -- NS NS NS

TXMHXTR -- NS NS NS

Contrast$é

C3 vs C4 Turf species NS ok NS *

C3vs C4 @ Fairway MH -- * NS *

C3vs C4 @ Rough MH -- * NS NS

C3vs C4 @ Ndraffic NS * NS NS

C3vs C4 @ Traffic NS *x NS *

Ls mean$”

Turf species gcm?® gcm?® gcm® gcm?®
Kentucky bluegrass 1.27 133087 1.26 1.33
Perennial ryegrass 1.29 1.36 b 1.26 1.34
Buffalograss 1.28 144 a 1.26 1.37
Zoysiagrass 1.28 1.38ab 1.26 1.37

Mowing height
Fairway 1.28 1.39 1.27 1.36
Rough -1 1.37 1.25 1.34

Traffic
No 1.27 1.33 1.25 1.32
Yes 1.29 1.42 1.27 1.38

* ** and *** are significant at the 0.05, 0.01, and 0.001 probability level, respectively.

A Soil bulk density Jb, g cni®) at the 86 cm depth was determined by extracting a soil core from each
plot. Samples were then weighed and dried in a featedven for 48 h at BFrC.

¥In 2015pre-drought period, measurements were conducted only in the faineeyng heidit due to
time restrictions, but measured in batlowing heighs for all remaining periods 2015 and 2016

8 Not significant (NS).

TNot applicable, only measurements conducted on faimaying height(--).
# Contrasts among C3 turfgrass species (Kekytbluegrass and perennial ryegrass) vs. C4 turfgrass

speciegbuffalograss and zoysiagrass).
AA s means for the main effect of turf specimwing heightand traffic.

Y 3Within a column of the turf species main effaagans with the same letter a letters are not
accordi ngPQ o0 .TOus5k)e.y 6 s

significantly

di fferent
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Table4.4. Analysis of variance for the fixed effects of turf species, mowing height, and taff
root parameters at80.5 cm depth measuratlpostdroughtin 2016.

Root parametef‘s

Root Root length Average root  Root surface

Source . . > :

biomas$ density diameter area

Turf species (T) Kk *kk *kk *kk

Mowing height(MH) NST NS NS NS

T x MH NS NS * NS

Traffic (TR) NS NS NS NS

TxTR NS NS NS NS

MH x TR NS NS NS NS

TXMHXTR NS NS NS NS

Contrast$

C3 vs C4 Turf species *hx rxk Frk *rk

C3vs C4 @ Fairway MH el *kx * rkk

C3 VS C4 @ Rough MH *k% *k%k *k%k *k%

C3vs C4 @ No Traffic il ok ok i

C3vs C4 @ Traffic ok *hx ** ok

Ls mean$”

Turf species mg cm?® cm cm® mm c?
Kentucky bluegrass 0.973 &7 15.3 a 0.174 b 506.5 a
Perennial ryegrass 1.05a 10.8 b 0.219 a 488.1 a
Buffalograss 0.617b 39c 0.226 a 168.8 b
Zoysiagrass 0.667 b 43c 0.222 a 1815b

Mowing height
Fairway 0.848 9.2 0.207 351.7
Rough 0.806 7.9 0.213 320.7

Traffic
No 0.853 8.7 0.217 347.5
Yes 0.801 8.4 0.203 324.9

*, ** and *** are significant at the 0.05, 0.01, and 0.001 probability levepeesvely.

AOne soil orewas collected from each plot at the end of the drought period. Roots were washed,
dyed with methyl blu@nd water solution (5 g methyl blue* water), scanned at 8@ipi, and

analyzed with WinRHIZQo determine root lengt aveage root diameteand root surface area

Root length densityas calculated as root length divided by the volume of soil core. Total root
biomasses were then dried ifoacedair oven for 48 h at 108C and weighed separately to

determine dry root biomas

Y Raw data were subjected to the log transformation to normalize. Means were separated using
Tukeyds HSD test, and -ttamsrmedffoo prasentdtiorme ans wer e
TNot significant (NS).

# Contrasts among C3 turfgrass species (Kentucky blsegnad perennial ryegrass) vs. C4 turfgrass
species (buffalograss and zoysiagrass).

AAs means for the main effect of turf specimewing heightand traffic.

Y 3Within a column of the turf species main effeoeans with the same letter are not sigaifitly

di fferent according to TukeyP®s OHOmBest |l y Signi
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Chapter5-Su mmar y

Nitrousoxide (N20) andcarbondioxide (CO,) areimportantgreenhousgasefGHG)
thatarenaturalandanthropogeniby-productsassociateavith globalclimate changeThe
turfgrassindustry,which consistof homelawns,commerciapropertiesgolf coursesparks,
athleticfields, androadsidescoversa substantiahreaof landin the United StatesTheturfgrass
industrynotonly hasa significantpositiveimpactin theU.S.economybut alsoprovidesa
variety of environmentabhndhumanhealthbenefitsthatimprovethe quality of life. However,
turfgrassesequesteandemit CO,, andemit N2O whenfertilized with nitrogen(N) and
irrigated,with comparablennualN-O emissionsasotheragriculturalsystemsThe effectsof N
fertilizer sourceson N2O emissionshavebeeninvestigatedn otheragriculturalsystemsut
minimal researchasbeenconductedn turfgrasssystemsespeciallypertainingto controlled
released fertilizers.FurtherN2O researchs requiredin turfgrassto developmanagement
practicessuchasthe useof controlledreleaseN fertilizersand/ordeficit irrigation, which may
potentiallyreduceN>O emissionsput alsoaffectcarbon(C) seqestrationin turf soils.

Resultsfrom Chapter2 indicatethatsomemanagemenpracticesn turfgrasscanreduce
N20 emissionsA higherirrigation amount66% reference=vapotranspiratio(ETo)
replacementtesultedn 6.3%higherN-O emissionghanalower irrigation amount(33%ETo)
appliedto zoysiagrassluringtwo yearsof summerperiods(June July,and August),indicating
thatareducedrrigation amounthasthe potentialto reduceN-O emissionsn turfgrass.
Cumulativeemissionf N2O for the entire 2-yearperiodwere38%higherin the quick-release
N fertilizer (urea)thanin theunfertilizedno-N (UF) turf, and25%greatelin ureathanthe
controlledreleaseN-fertilizer [polymercoatedurea(PCU)]. Cumulativeemissionsf N2O over
the 2-yearperiod were11% higherin PCUthanin UF turf. Overthetwo years,cumulativeN>O
emissionsaveragedt.06kg ha in UF turf, 4.5kg ha' in PCUtreatedurf, and5.62kg hat in
ureatreatedturf, eachstatisticallydifferentfrom oneanotherP < 0.01). The resultsindicate
thattheuseof a controlledreleaseN fertilizer, suchasPCU comparedo the useof a quick-
releasdertilizer reduces N2O emissionsn turfgrass.

Soil of thezoysiagrassurf systemincreasedn soil organiccarbon(SOC)aftera 3-yea
period.However,a higherinput managemergcheduldurea+ 66%ET, irrigation treatment)n

zoysiagrasslid notincreaseC sequestratiosomparedvith alow inputmanagemergchedule
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(nofertilizer + 33%ET, irrigation treatment) A greaterC sequestradn rateoccurredn the0-10
cm soil layercomparedo lower soil depths Regardlesef managemerninput scheduleor depth,
aftera 3-yearperiodzoysiagrasexhibitedenhamedSOCcontentandanaverageC
sequestrationateof 0.952Mg C ha! yr?, which mayhelp mitigateclimatechange.

Anyonewho managesurfgrasss a stewardof the environmentindshareshe
responsibilityin providing betterenvironmentafjuality practicedor future generations.
Turfgrassmanagersanbe betterstewardf the environmentby usingsmarterfertilizer
practicessuchascontrolledreleaseN fertilizers (polymercoatedurea)insteadof quick-release
(urea)fertilizer, andalsousingsmarterirrigation practicessuchasreducingirrigation amounts
with deficit irrigation to reduceN20 emissions.

Anotherissuein theturfgrassndustryis the decreasingvateravailability for irrigation.
Thereforeduring periodsof drought,wateringrestrictionsmaybeimposedon turf managers
with no regardfor damagdo turfgrass During drought,turfgrasson golf coursesontinuego
receivevehicularor foot traffic. Droughtresistancendtraffic tolerancen turfgrassefiavebeen
investigatedseparatelyTherefore the combinedeffectsof droughtandtraffic stressesn turf
specesneeddo befurtherinvestigatedo understandhow the shoot,soil, androot systemsare
affectedto helpdeveloppossiblemanagemerdecisions.

Resultsfrom chapters3 and4 indicatethattraffic duringdroughtwill havenegativeand
acceleratedmpacs aboveground(shoots) but minimal impactbelowground(soil androots),
whichwill varywith turf speciesandmowingheight.

In theturfgrassshoots moredifferencesoccurredbetweemonttraffic vs. traffic
treatmentsvithin eachmowingheightof thewarmseasor{C4) grassegbuffalograssand
zoysiagrassthanthe coolseasor{C3) grassegKentuckybluegrassandperenniaryegrass)This
wasdueto the betterdroughttoleranceof C4 grassesywhich maintainechigh turf quality and
percentgreencoverwhen no traffic wasappliedduringthe drought,while C3 grassesleclinedin
turf quality andpercentgreencoverat bothtraffic treatmentsiuringthe drought.This doesnot
imply the C4 grasse$iavelower traffic tolerance Rather whentraffic occursduring drought
stressthereis lesschancdor adeclinein C3 grassedecauseheyarealreadyin poorershape
thanC4 grassesgvenbeforetraffic stresss applied.Neverthelessf traffic is appliedto C3
grassesluringdroughtstressiurf quality andgreencoverwill decreaséasterthanif no traffic

wasapplied.Also, trafficked C4 grassplotshadhigherturf quality andgreencoverthan
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trafficked C3 grassplotsandattimesnon-trafficked C3 grassplots. Acrossall four turf species,
the higherroughmowingheightwasmorenegativelyimpactedby traffic duringdroughtthanthe
lower fairway mowingheight.At bothtraffic treatmentandbothmowingheighs, the C4
grassetadthe fastestrecoverytimes,asboth C4 grassesveregenerallythe slowestto lose
greencoverandturf quality duringthedrought.

As the soil watercontentdecreasedhe surfaceof theturf speciedecameanorefirm,
especiallyatthelower mowing height.This effectwasenhancedby the applicationof traffic,
especiallyatthe highermowingheight Theinfluenceof traffic on turf firmnesswill depencona
varietyof soil factorssuchassoil moistureandturf speciesTheturf firmnessmayaffect
playability or the safetyof the surfacethereforejt is animportantfactorto considerduring
timesof drought.Therefore turf managersvill seenegativeandacceleratedmpacs onturfgrass
shootsfrom traffic applicationduringa droughtperiod.

In soil compactiommeasurementsninimal andinconsistentifferencesoccurredoetween
turf speciesAlso, mowingheightandtraffic treatmentsesultedn no significantdifferencesn
soil bulk densityat 0-6 cm andsoil penetratiorresistanceat0 cm, 2.54cm, 5.08cm, 7.62cm,
and10.16cm depthsThedecreasedoil moistureduringdrought mayhavediminished
differencedn soil compactiormeasurementgspeciallybetweertraffickedandnon-trafficked
plots. Therefore duringa drought,traffic maynotincreasesoil bulk densityor soil penetration
resistancen turfgrass.Similar to sol compactiormeasurementsnostof thedifferencesn root
measurementst 0-30.5cm weredueto turf speciesand/ormowing height with no differences
betweertraffic treatmentsAt theendof 41-daydrought,thetwo C3 grassesiadhigherroot
biomasssufaceareaandrootlengthdensityin theuppersoil profile thanthetwo C4 grasses.
However buffalograsszoysiagrassandperenniakyegrasdadlargerroot diameterswhich may
haveledto bettersoil compactiorresistancendgreatercapabilitiesof exploringdeepedepths,
thusbetterdroughtperformancehanKentuckybluegrassBasedon the aboveground
performancethe C4 grassepossiblyhadmorerootsthanthe C3 grassest nonrmeasurediepths
below30.5cm, which would haveallowedthemto extractmorewaterduringthe drought.Most
differencegneasuredvithin soil androot measurementwseredueto the effectsof droughtstress
andnottraffic stresssincethetraffic maineffectwasnot significantacrossall below-ground
variablesTherefore turf managersnayseea minimal impacton soil androot characteristics

from traffic applicationduringa droughtperiod.
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Althoughturfgrassmanagersnayseeminimal impacton below-groundvariablesthey
still needto be awareof traffic applicationduring periodsof drought,especiallypertainingto
abovegroundvariables During timesof droughtstressiurfgrassmanagerseedto closely
monitortrafficked areasand/orpossiblyrestricttraffic asdroughtstressncreasesDuring
droughtstresstrafficked areascomparedo nontraffickedareaswill be morenoticeableon
warmseasor(C4) grasseshancoolseasor{C3) grassesgueto the gooddroughttoleranceof
C4 grassesDuring drought,C3 grassewvill likely declinein turf quality andpercentgreencover
morequickly thanC4 grassesandtraffic will acceleratehis decline.Regardlessf turf species,
if traffic mustbe allowedon theturfgrassduringtimesof droughtstress) would adviseturfgrass
managerso directtraffic to stayon thelower mowing height(fairway) andlimit traffic onthe
highermowingheight(rough).Turfgrassmanagerganalsodirecttraffic with stakesyopes,
signs,and,if severedrought,possiblyonly allow traffic on cartpaths.Also, i t irdp®rtantto
keepthe customes andturf uses (homeownersparkusersgetc) informedduringtimesof
droughtstressandtheimportanceof limiting traffic or possiblychanginghe mowingpatterns
duringtimesof stresslf traffic canbe properlymanagediuringadroughtperiod,area thatare
theslowestto losegreencoverwill typically bethefasterto recoveroncethedroughtperiodhas

ended.
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TableA.1. Minimum positive and negative detection limits for thatchinson and Mosier (1981) (H/M) and linear regression (EB)niques

and analytical precision (% coefficient of variation, Gdf) each measurement date.

Minimum detection limit (g MO-N mzh)A

Day of Year 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200
Date 10/29/15 11/12/14 12/10/14 1/20/15 2/7/15 3/17/15 4/2/15 4/21/15 5/5/15 5/13/15 5/19/15 5/27/15 6/1/15 6/3/15 6/5/15 6/9/15 6/16/15 6/23/15 7/1/15 7/8/15 7/15/15 7/17/15 7/19/15
H/M 97 130 6.9 147 120 112 123 116 112 123 127 136 8.6 16.6 14.1 13.1 134 100 8.7 145 127 159 16.3
LR 24 32 17 37 30 28 31 29 28 31 32 34 21 41 35 33 33 25 22 36 32 40 41
% CV 19 30 16 32 27 24 31 24 26 28 26 31 18 31 28 26 31 19 21 29 22 28 30
Day of Year 203 211 216 223 231 238 252 265 278 299 326 339 352 14 44 74 96 112 124 131 139 143 153
Date 7/22/15 7/30/15 8/4/15 8/11/15 8/19/15 8/26/15 9/9/15 9/22/15 10/5/15 10/26/15 11/22/15 12/5/15 12/18/15 1/14/16 2/13/16 3/14/16 4/5/16 4/21/16 5/3/16 5/10/16 5/18/16 5/22/16 6/1/16
H/M 11.8 145 116 121 152 159 79 97 6.3 108 10.1 105 13.2 10.2 156 126 126 109 118 124 135 108 124
LR 29 36 29 30 38 40 20 24 16 27 25 26 33 25 39 31 31 27 29 31 34 27 31
% CV 20 29 23 26 27 29 18 31 21 27 30 32 27 24 29 28 24 25 26 25 28 31 25
Day of Year 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277

Date 6/5/16

6/7/16  6/9/16 6/11/16 6/13/16 6/21/16 6/29/16 7/5/16 7/11/16 7/19/16

7/21/16 7/23/16 7/26/16

7/28/16

8/1/16

8/9/16 8/16/16 8/23/16 8/29/16

9/8/16 9/15/16 9/27/16 10/3/16

H/M 140 145 13.0 120 81

124 125 125 129 148 135 93 11.7 131 114

11.8 135 9.9

10.3

88 86 130 11.8

LR 35 36 32 30 20 31 31 31 32 37 34 23 29 33 28 29 34 25 26 22 22 32 29
% CV 25 23 21 21 12 23 23 22 23 26 23 16 20 20 19 26 26 20 18 18 16 25 22
AThe detectiorimits for negativefluxes carbe obtained by multiplying theositivevalues by:1.
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TableA.2. Analyses of fertilizerman ef f ect |, irrigation main effect, and fertild@i

zoysiagrass in year 1, from October 2014 (DOY 302) to October 2015 (DOY 278).

ANOVAA
Day of Year (DOY}
Parameter Sourcé 302 316 344 20 38 76 92 111 125 133 139 147 151 154 156 160 167 174 182 189 196 198* 200 203 211 216 223 231 238! 252 265 278
N20O-N Fetilizer NS NS NS NS NS NS NS NS NS NS NS NS NS ** ok ok NS NS NS NS * Fhk ek * NS  ** NS NS NS NS NS NS
Fluxes Irrigation * NS NS NS * NS NS NS NS * NS NS NS NS NS NS * NS NS NS NS NS * NS NS NS NS NS NS NS NS NS
FERT*IRR NS NS NS NS NS NS NS NS NS NS NS NS * NS NS ** NS NS NS NS NS NS * NS NS NS NS NS NS NS NS NS
LS Meané

Fertll]zer 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
UF 1495 702 302 713 350 1187 123 1535 1365 1649 2051 2614 3589 222 3379 4381 998 4g27 3860 aasy 021 0268 5014 SSTL 4976 WL 4054 56as 4385 3219 1558 2568
PCU 1825 736 591 610 433 885 122 1683 1343 1748 3023 3194 3084 070 3824 ALl 955 5767 4060 4018 e68a 00 549 249 4974 s90a 4841 7100 5087 3595 1762 2625
Urea 1872 686 554 858 39 1332 1443 1715 1436 1089 2737 2833 3743 2003 1277 5422 590 5gp 4304 4s7s 081 B8L4 9409 6843 o0, 4B 404y sge1 5367 37.25 1699 2496
|rr|gat|0n 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
33% ET, ;2‘31 714 469 721 295b 1181 1335 1678 1304 02 2863 2037 3055 2023 6278 4689 % sase 4101 4585 5098 3 0487 615 4306 4936 3080 5876 48.26 3404 1722 247
66% ET, 1530 707 496 733 492a 1088 126 1611 1458 70 2044 2824 3589 ;0 704 4786 200 5497 4024 4731 5523 3003 495 6339 4977 504 4644 6548 5666 3622 1624 2656
FERT * IRR 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
UF*33% 1537 793 389 763 351 1266 1438 1501 10.13 1098 2812 2831 000 3393 3663 jo 0 2067 5406 38.89 4379 5001 6848 2070 5864 3638 4421 383 567 3982 27.95 1652 23.02
UF*66% 1453 611 216 663 367 1181 1022 1569 1717 1301 309 2396 00 3051 3094 o®° 2094 4248 349 4584 5041 5689 o0 5278 4313 391 4218 5619 47.87 3642 1464 28.34
PCU*33% 2114 798 443 574 256 928 922 1750 1395 1895 2005 3239 2> 3507 3308 20 4231 5103 3008 4588 6942 6573 S0 5602 418 5557 4681 67.06 5244 3472 17.82 238
PCU*66% 1536 674 739 647 61 841 1518 1608 1292 1602 3142 315 00 3445 4341 o017 343 6371 4213 5253 6417 6933 OO0 6896 5768 6243 5001 7512 67.3 3719 1741 287
UREA*33% 2143 55 575 827 279 1349 1646 1774 1505 2144 2872 2739 358b 2000 186 8088 4545 5765 4777 4702 e0s1 S081 P15 egos 5090 4820 3456 5251 5253 3946 17.33 27.27
UREA*66% 160 822 533 889 50 1315 1241 1656 1367 1834 2601 2526 o0 7000 1388 W76 314 o573 4011 4356 5112 328 1070 6793 45 4967 4713 6511 5482 3505 1666 22.64

*, ** and *** are significant at the 0.05, 0.01, and 0.001 bttty level, respectively, and not significant (NS).
AAnalysis of variance for daily 3D-N fluxes in Meyer zoysiagrass between October 2014, day of year (302) to October 2015 (278).

YDay of Year (DOY), 302, 316, & 344 of year 2014, following day of yeanurred in 2015.
8Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); polpmated urea (PCU); and urea, Irrigation main effect (IRR) incla@&sreference
evapotranspiration (&) replacement and 66% Efeplacement, FERTRR is interaction of fertilizer and irrigation.
TRainout shelter period (irrigation treatments applied) from DOY 152 to DOY 238. Fertilization events occurred DOY 155 (uréaadPBOY 197 (urea only).
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TableA.3. Analyses of fertilizer main effect, irrigation main effect, and fertilizer*irrigation interaction on daily nitrous axidedls i n &é Mey er
zoysiagrass in year 2, from October 2015 (DOY 299) to October 2016 (DOY 277).
ANOVAA
Day of Year (DOY}Y
Parameter Sourcé 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 150 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
N,O-N  Fertizer NS * NS NS NS NS NS * NS NS NS NS NS NS NS ** s+ s s NS * NS * NS ** % NS #% % NS NS NS NS ** #  x
Fluxes Irrigation NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * NS NS NS * NS NS NS NS NS * NS  ** * NS NS NS NS * b b NS
FERTMRR NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * NS NS NS * NS NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS
LS Mean$
Fertilizer 209 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
40
UF 1132 KA 411 163 33 425 133 %5 162 1755 3245 3236 23.66 38.87 5327 0216 066.55 6386 49.92 509 6507 71 7037 g0 731 6002 g4, 6173 6296 45455 5e3p as505 spe2 4829 4545 8177 20.88
o b b b b b b ab b oc c b b ¢ b b
PCU 13.98 742 853 164 492 42 12.07 16.51 16.66 18.0 34.06 36.83 22.17 34.89 55.72 7344 604 64.84 5129 70.28 64.58 69.03 66.84 55.32 7177 79.93 76.56 7118 58.89 43.78 57.6 48.29 58.52 60.18 52.37 318 237
a a b b b b b b b b b b a 228 pT ap
457 13.88 3181 111.2 9155 64.06 77.32 77.32 300.9 96.47 97.91 83.39 66.44 60.14 37.62 27.41
Urea 1330 457 766 166 483 326 1362 0% 1525 1871 283 3512 2381 3752 5152 S0t 1MLZ 55 0806 gg; T182 7665 1732 g5 3009 9647 g7, 97O B3I 4541 587 5186 G065 o4t S04 3762 2
Irrigation 209 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
33% ET, 1396 487 7.07 116 482 324 1292 1317 1732 192 3178 334 2367 3068 5442 500 7909 7112 5377 p-7' 6538 6803 7079 5588 1317 [*23 7812 [248 3351 4565 6077 4728 so.16 O136 3634 3634 p54
66% ET 1183 58 646 213 388 457 1308 1352 1481 1697 3143 3614 2275 345 5258 500 7957 7573 56.41 (017 726 7388 7223 60.07 1655 5020 7976 514 7332 4005 5431 5012 sos1 24 (89 3112 g4
FERT * IRR 209 326 339 3% 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
UF*33% 1158 3.09 4.15 108 3.03 472 1299 8.6 19.69 17.2 28.78 32.44 24.34 4423 53.04 55'04 66.58 61.22 52.47 38'19 60.03 62.8 72.01 50.71 70.78 g2'34 69.18 60.25 61.65 44.5 61.75 44.25 60.39 51.96 48.2 31.73 22.05
UF*66% 11.05 492 407 218 358 379 136 10.71 129 17.91 36.13 32.28 22.98 335 5351 59'29 66.53 66.5 47.37 23'58 70.11 71.58 68.74 57.48 75.41 27'7 76.96 63.21 64.27 36.14 50.89 47.64 57.25 44.63 42.69 31.8 19.7
PCU*33% 1438 822 911 084 525 363 1317 1765 179 17.03 3541 3631 2277 3447 581 >0 5087 64.08 4423 o0 5614 6445 6513 5214 7101 o0 7845 66.62 50.04 48.8 5825 4876 55.18 5021 55.98 34.82 24.53
PCU*66% 1358 663 7.95 245 458 476 1098 1537 1542 1807 3272 3734 2157 353 5333 |07 6003 656 5835 8341 7302 7362 6854 5849 7252 -'3 7467 75.75 6774 3875 56.95 47.82 G187 6L15 4877 2879 22.86
a
UREA*33% 15.92 3.3 795 157 6.18 136 1259 13.27 143 2249 31.16 31.46 23.92 40.34 52.13 53,39'8 ;11'1 88.03 64.62 238 79.97 76.83 75.22 64.78 253.3 22'61 86.74 90.58 78.84 43.66 62.31 48.83 619 72.92 64.83 42.48 28.61
UREA*66% 10.86 585 7.37 176 349 517 1465 1448 16.1 1493 25.43 38.79 23.7 347 509 296'4 111.3 95.08 63.5 g6'34 74.68 76.43 79.41 64.25 348.6 ;00'3 87.66 é05'2 87.94 47.96 55.09 54.89 59.4 59.96 55.44 32.76 26.22
* ** and *** are significant at the 0.05, 0.01, and 0.001 probability level, respectively, and not significant (NS).
Analysis of variance for daily #O-N fluxes (ugN m?h?') eval uated in 6Meyerd zoysiagrass betwegen October 2015, da

Y Day of Year (DOY), 299, 326, 339, & 352 of year 2015, following day of year occurred in 2016.
§ Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); pokpmated urea (PCU); and urea, Irrigation main effect (IRR) incl8@&sreference evapotranspiration
(ETo) replacement and 66% Efeplacement, FERT*IRR is interaction of fertilizer and irrigation.
TRain-out shelter period (irrigation treatments applied) from DOY 152 to DOY 245. Fertilization events occurred DOY 1&88Gtépand DOY 202 (urea only).
#LS Means of NO-N fluxes (ug NO-N m2h1)
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TableA 4. Analyses fertilizer main effect, irrigation main effect, and fertilizer*irrigation interaction on cumulative nitrousmistdons in
OMeyer 6 zoy s i-pegrpaicddbetweendctober 2l4mno October 2016

Cumulatve NO-N Emission$

Source of variation Year 1 Year 2 Total
N2O-N kg hat yr? N2O-N kg hat yr? N2O-N kg ha'
Fertilizev
Unfertilized (UF) 1.82¢ 2.24¢ 4.06 ¢
Polymercoated urea (PCU) 2.09b 241b 450b
Urea 2.77 a 2.85 a 5.62 a
Irrigation
33% ET 2.20 2.48 4.68
66% ET, 2.25 2.52 4.77
Fertilizer x Irrigation
UF*33% 1.82 2.25 4.07
UF*66% 1.81 2.23 4.04
PCU*33% 1.98 2.38 4.36
PCU*66% 2.19 2.46 4.64
UREA*33% 2.78 2.83 5.61
UREA*66% 2.76 2.88 5.63
ANOVA
Fertilizer <.0001 <.0001 <.0001
Irrigation 0.3298 0.3890 0.2180
Fertilizer x Irrigation 0.2006 0.6493 0.2093

ACumul ative emissi ons meaatselRockydord Turfgtads &gsearclh Center,\Marihattanr K éngyear 1 [October 2014, day of
year (302) to October015 (278)], year 2 [October 2015, (299) to October 2016 (277)], and total emissions ovgedh@eriod.
YWi t hin each source of wvariation, means in column wdiSbPdaoi)f er ent
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TableA.5. Analyses of fertilizer main effect, igation main effect, and fertilizer*irrigation interaction on wdtled pore space (WFPS) in
OMeyer 6 zoysiagrass in year 1, from October 2014 (DOY 302) to Octc

ANOVAA
Day of Year (DOYY
Parameter Sourcé 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 23§ 252 265 278

WFPS Fertilizer NS * NS NS NS NS NS NS NS NS NS NS NS NS NS NS * * * NS NS NS NS NS * * NS NS NS NS = *
|rrigati0n NS NS NS NS * NS NS NS NS NS NS NS NS NS NS * *% Hkk Kk Kk * NS Kk Kk Kk *hk Kk *kk Kk * *% *kk
FERTYIRR NS * NS NS NS * NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * * NS * * NS NS NS

LS Meand

Fertilizer 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
UF 73.9 ?'ﬁ 625 488 576 508 732 710 818 739 743 822 789 885 945 887 87.8a 823a 758a 79.3 863 907 8lL4 821 70.1a 80.la 845 736 696 829 924a 742a

PCU 727 607a 635 463 57.6 518 723 704 801 732 734 8l4 777 87.4 940 881 g;.l 82.8a 722b 784 853 916 808 816 EZ'Z 751b 831 723 69.6 825 9l7a 720ab

Urea 735 2;'5 643 457 572 511 718 692 802 727 737 815 775 894 941 865 858b 77.8b 712b 755 838 925 809 784 648b 71.7b 794 706 667 80.7 89.1b 71lb
|rrigation 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
33% ET 729 564 626 484 585a 51.0 725 699 8L2 729 738 8L5 778 880 943 87.0b 859b 754b 66.6b 73.3b 829b 90.2 783b 77.9b 595b 620b 73.1b 644b 6L5b 80.6b 89.6b 69.8b

66% ETo 738 593 643 456 56.4b 514 724 705 802 736 739 8L9 783 889 941 885a 87.8a 865a 79.5a 82la 87.3a 929 838a 834a 753a 89.3a 91.6a 80.0a 758a 835a 926a 75.1a
FERT * IRR 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
UF*33% 713 56.1b 629 503 60.1 49.9b 728 706 8L7 738 745 819 792 875 942 8.7 867 783 709 753 828 89.0 781 804 654b 71.6b 77.8 689b 64.5c 8L8 916 724
UF*66% 765 547b 621 474 552 gé] 736 713 818 740 742 826 786 896 949 896 89.0 861 807 833 899 924 847 837 748a 885a 91.2 783a 748b 84.0 932 76.0
PCU*33% 730 56.3b 615 47.6 57.2 gé.o 726 702 811 730 731 813 767 875 941 879 865 77.0 647 740 837 905 789 781 580c 584c 729 629c 60.3d 8L2 89.2 69.1
PCU*66% 724 652a 654 451 579 525a 721 706 790 734 737 8L5 788 874 940 883 877 886 797 828 869 926 827 850 765a 91.8a 93.2 8l8a 79.0a 839 942 749
UREA*33% 745 s569b 63.2 472 583 2@'3 721 688 807 720 738 813 774 891 948 853 847 709 643 707 824 912 778 753 550c 559c 685 6l6c 59.7d 787 880 67.7
UREA*66% 724 581b 654 443 561 50.0b 715 695 798 735 737 8.7 776 898 935 877 869 846 781 803 852 938 840 816 747a 87.5a 90.2 797a 73.7b 826 903 744

*, ** and *** are significant at the 0.05, 0.01, and 0.001 probabilityelevespetively, and not significant (NS).

AAnalysis of variance forwatdri | | ed por e s p ac éetiean OctdberR@l4, day af gegr$302) tg Octobes 2015 (278).

YDay of Year (DOY), 302, 316, & 344 of year 2014, following day of yeauwed in 2015.

$Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); polpmated urea (PCU); and urea, Irrigation main effect (IRR) incla@&sreference
evapotranspiration (EJ replacement and 66% Efeplacement, FERT*IR interaction of fertilizer and irrigation.

TRainout shelter period (irrigation treatments applied) from DOY 152 to DOY 238. Fertilization events occurred DOY 155 (uréaadPBOY 197 (urea only).

#LS Means of watefilled pore space (v) cakulated from volumetric soil water content @omr) at a 7.6 cm depth using a Field Scout TDR 300 (5 measurements per

plot) [100 * volumetric water content / total pore space (0.480crr)].

AAnithin each source of variation, means in column with difr ent | et t ers are significantPg0.08)i fferent according
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TableA.6. Analyses of fertilizer main effect, irrigation main effect, and fertilizer*irrigation interaction on-fitiéerpore space (WFPS) in
OMeyer 6 zoysiagrass in year 2, from October 2015 (DOY 299) to Octc

ANOVAA

Day of Year (DOY})

Parameter Sourcé 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277

WFPS Fertilizer * NS  * * NS  * NS * * * NS NS Ns * NS Ns * * NS NS * * ** * NS NS * * ** oo *oo¥ NS ¥ NS NS

Irrigation 3 * ok NS NS * Hok * NS NS NS NS * * ook ok ook ook ok Hkk ok Hkk Hohok Hohok Hkk Hkk ok Hkk Hohok ok Hhk Sk ok Hhk Sk 3 3

FERTYIRR NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * NS ** NS NS

LS Mean$
Fertilizer 209 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
86.4
6.4 748 655 55.2 629 741 69.8 777 649 79.8 784 797 636 663 691 728 708 830 80.6 736 715 88.2
UF AA 751 148 8 a5 592 g0 29 741 88 gay 770 718 [T eae 734 3N 198 o1z 7as B4 197 6 803 50 gy 201 728 708 830 806 786 TS g5 52 785 786
83.9 723 63.0 53.9 618 717 69.2 753 507 76.0 725 733 577 624 636 667 645 757 736 67.7 64.1 84.0
PCU 839 732 [23 O30 4e4 539 go5 O18 TLT 892 o33 742 702 33 612 7a2 397 T80 634 qon [25 183 STT 024 457 g4, 336 667 645 ST 736 87T 641 757 340 764 764
83.0 722 613 526 581 705 67.2 737 583 73.0 720 751 57.2 596 638 67.2 631 779 714 67.2 610 84.7
Urea 880 727 P2 013 g 328 g1 B 105 572 g5 745 eos [P7 618 o7 0% 30 69 egs [P0 51 572 596 495 gp3 D38 672 631 779 L4 872 L0 g9 847 750 755
Irrigation 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
0, 83.0 723 720 53.2 67.8 59.7 69.1 744 595 639 545 66.3 558 60.2 626 632 487 540 632 635 552 572 534 645 602 573 535 703 801 757
33% ET b b b 0825 481 7T Tt TL6 680 616 752 7 Tt ™y b b b b b b b b b b b b b b b b b b b 742b
66% ET(-) 859 751 742 64.1 458 546 709 622 726 695 636 752 721 768 658 79.0 674 862 732 824 86.0 889 703 715 826 864 758 80.6 789 932 902 817 775 874 911 795 79.4a
a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a
FERT * IRR 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
UF*33% 850 733 737 654 460 542 681 607 733 685 618 765 704 768 619 667 506 708 604 665 689 693 539 57.0 666 671 601 635 604 7L9 683 642 o0 733 049 763 773
UF*66% 878 770 760 655 471 562 727 652 749 7L1 644 775 731 785 678 801 702 888 739 833 879 900 733 755 833 891 780 820 812 940 928 831 o0 g7s 25 807 798
PCU*33% 819 722 7L0 608 466 530 681 609 709 689 622 734 689 734 580 633 543 655 551 582 G606 588 467 534 629 637 522 541 502 505 579 551 400 680 O 741 733
PCU*BG% 85.9 743 737 652 462 547 710 626 725 695 640 750 716 773 644 790 651 865 717 820 844 878 687 713 824 851 750 803 789 919 89.2 80.2 ;gﬁ 88.4 21'8 78.7 794
UREA*33% 822 715 714 612 455 524 672 574 707 666 607 758 681 730 586 6L5 497 627 518 559 583 614 455 515 602 506 532 541 496 622 544 526 40 695 °4 768 719
UREA*66% 839 739 730 615 442 528 690 589 704 67.8 623 732 7L5 745 651 778 669 832 740 BL7 858 888 689 676 822 850 745 794 766 936 885 818 o0 860 00 791 791

*, **, and ** are significant at the 0.05, 0.01, and 0.001 probability level, respectiaeti/not significant (NS).

AAnalysis of variance for vol unbetiveen Qctoher2016,day ofyeart (299) to Octaber 80W6(37€)r 6 z oy si agr ass

YDay o Year (DOY), 299, 326, 339, & 352 of year 2015, following day of year occurred in 2016.

8§ Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); pokpoated urea (PCU); and urea, Irrigation main effect (IRR) incla@&sreferace evapotranspiration

(ETo) replacement and 66% Efeplacement, FERT*IRR is interaction of fertilizer and irrigation.

TRain-out shelter period (irrigation treatments applied) from DOY 152 to DOY 245. Fertilization events occurred DOY 158 (ureaafdFBDY 202 (urea only).

#LS Means of watefilled pore space (v¥) calculated from volumetric soil water content $eem?) at a 7.6 cm depth using a Field Scout TDR 300 (5 measurements per plot) [100 *
volumetric water content / total pore space (0.a8dcnt3)].

AAMi t hin each source of variation, means in column widLIDPe0.G5f erent | etters are signi
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Table A.7. Analyses of fertilizer main effect, irrigation main effect, and fertilizer*irrigation interaction on soil temperature C®)ény e r 6
zoysiagrass in year 1, from October 2014 (DOY 302) to October 2% ¢78).

ANOVAA
Day of Year (DOY)
Parametel SOUI’Cé 302 316 344 20 38 76 92 111 125 133 139 147 157 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 239 252 265 278
Soi | Ferti I izer * * *kk NS NS NS * *k NS NS * NS *k *kk * NS *k Fkk *k *k Kk Fkk Fkk Fkk Fkk *k Kkk *k *k *k NS NS
Temp Irrigation NS NS NS NS NS *= NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS ** NS NS * NS  ** b NS NS NS
FERT*IRR NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
LS Mean$
Fertilizer 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 18 196 198 200 203 211 216 223 231 238 252 265 278
UF 12.1b 30b 27b -02 01 94 134a 104b 172 155 17.2b 182 189b 2llc 20.9b 229 21.9b 252b 257b 221b 27.0b 27.6b 28.1b 246b 247b 27.5b 256c 21.9b 21.3b 23.7b 213 17.0
PCU 126a 39a 3la -02 02 93 133b 109a 172 157 175a 183 191a 21.2b gé.o 231 221a 255a 26.0a 224a 27.2a 27.9a 283a 250a 252a 27.7a 26.0a 224a 2l.6a 239a 214 17.2
12.4 13.37 25.9
Urea ApA 352 30a 03 01 94 107a 172 155 175a 182 19.0a 213a 2Lla 230 22la 255a .} 224a 27.2a 279a 283a 250a 252a 27.7a 258b 222a 215a 239a 214 17.1
Irrigation 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
33% ETy 124 35 29 01 03 95a 134 106 172 156 174 182 190 212 210 230 220 253 259 223 27.1b 277 282b 248 250 275b 257 220b 21.4b 238 214 171
66% ET, 123 34 29 04 01 93b 134 106 172 155 174 182 190 213 211 229 220 254 259 223 27.2a 27.8 283a 249 250 27.7a 259 223a 216a 239 213 171
FERT * IRR 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
UF*33% 122 31 27 005 03 95 134 104 172 155 171 182 189 212 209 229 219 252 258 221 270 276 280 245 247 274 255 219 213 237 213 170
UF*66% 120 29 26 -04 -003 93 135 103 172 154 173 182 189 212 210 229 219 252 258 222 27.1 276 281 246 247 276 256 221 214 237 212 170
PCU*33% 1226 37 30 02 03 94 133 108 173 157 175 183 191 212 21.0 231 221 254 260 224 272 27.8 282 249 252 277 259 222 215 239 214 172
PCU*66% 125 40 32 -03 02 93 133 109 172 156 176 183 191 213 211 230 221 255 260 225 273 280 285 251 252 277 261 225 217 239 213 17.2
UREA*33% 125 3.7 30 -03 02 9.5 134 107 172 156 176 182 190 213 211 23.0 221 255 259 224 271 279 283 250 252 27.7 257 221 214 239 214 172
UREA*66% 123 34 29 04 01 92 134 107 172 154 174 183 190 213 211 229 221 255 260 224 273 279 284 250 251 27.8 259 223 216 239 213 170

*, ** and *** are significant at the 0.05, 0.01, and 0.0@bbability level, respectively, and not significant (NS).

‘Mnalysis of variance for soil temp e between Ocoben 2014adayrof yar (BaROctler 2015@&P.t h i n 6 Meyer 6
YDay of Year (DOY), 302, 316, & 344 of year 2014, following day of year occurred in 2015.

$Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); polpmated urea (PCU); and urea, Irrigation main@f(eRR) includes33% reference
evapotranspiration (&) replacement and 66% Efeplacement, FERT*IRR is interaction of fertilizer and irrigation.

TRainout shelter period (irrigation treatments applied) from DOY 152 to DOY 238. Fertilization eventeeddd®Y 155 (urea & PCU) and DOY 197 (urea only).

# LS Means of soil temperature (°C) at a 7.6 cm depth.
AANi t hin each source of variation, means in column uwdtIDPa&0.055 erent | etters are
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TableA8. Anay ses of fertilizer main effect, irrigation main yeefrféect, and
zoysiagrass in year 2, from October 2015 (DOY 299) to October 2016 (DOY 277).
ANOVAA

Day of Year (DOY)

Parameter Sourcé® 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277

Soil Fertilizer NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS ** o * bl * ok hid *x NS NS * ok

Tem N
p Irrigation NS NS NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS * NS * NS * * NS * NS e e mw ww NSNS ke ke NS NS

FERT*YIRR NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * NS NS NS NS NS NS NS NS NS

LS Mean$
Fertilizer 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
UF 114 56 53 09 03 05 107 105 145 129 177 145 174 209 213 214 237 247 253 27.5 257 254 277 275 58'0 ﬁs,e §5.4 ﬁe,a ﬁs‘g §4‘8 ﬁ“g §4‘5 256 257 ﬁl‘g ;7'7 182b
PCU 116 59 54 10 03 05 107 105 146 128 177 146 174 209 213 215 237 248 253 275 257 255 277 275 ot 287 255 210 270 250 2044 207,57 p5g 220 181 455,
Urea 116 58 54 09 03 05 107 105 145 128 177 145 174 209 213 215 237 248 253 275 258 255 278 275 202 288 255 210 270 21 2045 207,57 p5g 220 180 455,
|r|'igati0n 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
107
% 116 57 54 10 03 05 AA 105 145 128 177 145 17.4 209 213 215 237 248 202 274 256 255 207 215 g5 286 o5, 269 269 249 242 5,4 555 257 219 479 g4
o A A b b b b b b b b b b
66% ET, 15 58 54 09 03 05 0% 105 146 128 177 145 174 209 213 215 237 248 >3 275 258 255 28 206 g5y BT 555 201 200 BL M5 y0 57 58 20 450 g4
FERT * IRR 209 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
UF*33% 114 55 53 09 03 05 107 105 145 129 177 145 174 209 213 214 237 247 252 27.4 257 254 217 274 280 286 253 °% 268 248 241 245 256 257 219 177 182
UF*66% 114 57 53 09 03 05 107 104 145 128 177 145 174 209 213 214 237 248 253 275 258 255 277 275 280 286 254 00 260 249 243 246 256 258 219 178 182
PCU*33% 117 59 54 10 03 05 107 105 146 128 177 146 174 209 213 216 237 247 252 275 256 255 277 275 282 287 255 07 270 249 243 246 257 257 220 180 185
b 116 59 54 10 03 05 108 105 146 128 177 145 17.4 210 213 215 237 248 253 275 258 255 27.8 27.6 281 287 255 2/'1 271 251 246 247 257 258 221 181 185
PCU*66% a1
UREA*33% 117 57 54 10 03 05 107 105 145 128 177 146 174 210 212 215 238 248 253 274 257 255 277 275 282 287 255 200 269 249 242 246 256 257 220 179 186
UREA*66% 115 58 53 08 03 05 108 105 145 127 177 144 174 209 213 215 237 248 253 275 259 256 278 27.6 282 289 256 27 270 252 247 247 257 258 221 180 185

*, ** and *** are significant at the 0.05, 0.0and 0.001 probability level, respectively, and not significant (NS).

‘Mnalysis of variance for soil temp e between Ocoben 2015aday/of ydar (299) tasQrtoder 2016 2%47h i n 6 Meyer 06
YDay of Year (DOY), 299, 326,39, & 352 of year 2015, following day of year occurred in 2016.

$Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); polpoated urea (PCU); and urea, Irrigation main effect (IRR) inclades

reference evapotranspirationT(§} replacement and 66% Efeplacement, FERT*IRR is interaction of fertilizer and irrigation.

TRainout shelter period (irrigation treatments applied) from DOY 152 to DOY 245. Fertilization events occurred DOY 158 (uréaadPBOY 202 (urea only).

#LS Means of soil temperature (°C) at a 7.6 cm depth.

AWi t hin each source of variation, means in column wadtIDpPe0.05. erent | etters are
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TableA9. Spearman correlation coefficients of wvariabl es
over a tweyear period from October 2014 to October 2016.

SpearmarCorrelationCoefficient$

N2O-NY Soil Temp® WFPS' NOs #
N2O-N -
Soil Temp 0.834" -
WFPS 0.229" 0.295" -
NOy 0.163" 0.118" 0.066" -
NH,* A4 -0.021 -0.004 0.072" 0.016

*

, ", and™ are significant at the 0.05, 0.01, and 0.001 probability level, respectively.

AN = 2484

YNLO-N fluxes (ug N n? h'?).

$Soil temperature (°C) at a 7.6 cm depth.

Twaterfilled pore space (WFPS) (V}yat a 7.6 cm depth [100 * volumetric water content / total pore space (0.480chh
#Soil nitrate contentNOs") (mg kg* of soil) from 0 to 12.7 cm depth.

ASoil ammonium (M4*) (mg kg of soil) from 0 to 12.7 cm depth.
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TableA.10. Analyses of fertilizer main effect, irrigation main effect, dedilizer*irrigation interaction on soil nitrate (NQ

zoysiagrass in year 1, from October 2014 (DOY 302) to October 2015 (DOY 278).

content

ANOVAA

Day of Year (DOY}

Parameter Sourcé 302 316 344 20 38 76 92 111 125 133 139 147 15 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 o3gl 252 265 278
Soil NO3 -

Fertilizer NS NS NS NS NS NS NS * NS NS NS NS NS ** o il NS * ok * NS ** NS * NS NS * NS NS * Fhok *

Irrigation NS NS NS NS NS NS NS NS NS NS * NS NS NS * * NS NS NS NS NS NS NS NS NS NS * NS  *x NS NS NS

FERT*IRR NS NS NS NS NS NS NS NS NS NS NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * NS

LS Meané
Fertilizer 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
UF 1.15 1.63 1.27 1.93 2.68 1.90 1.61 iAoi 1.33 1.84 181 1.12 1.28 0.94b 0.66b 1.10b 0.87 1.13b 150b 1.26b 1.50 1.71b 2.23 1.38b 1.39 1.32 1.18b 1.17 1.62 1.33b 1.50c 0.94b
PCU 1.21 1.63 1.30 2.20 2.92 2.19 1.60 1.06b 1.31 1.84 2.03 1.00 1.24 0.91b 0.59b 1.07b 0.87 ;526 243a 153a 1.63 1.89b 2.9 1.56b 1.72 1.40 ;.bSZ 1.36 1.81 1.62a 1.70b 1.03ab

Ul’ea 1.33 1.74 1.42 234 344 2.78 1.72 1.22a 1.53 2.01 1.89 1.13 1.40 1.83a 1.27a 137a 0.95 150a 1.41b 154a 161 4.16a 4.59 264a 176 1.68 1.62a 1.55 1.74 1.63a 1.92a 1.18a

Ir rigation 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
33% E-IB 1.27 1.74 1.34 2.18 3.12 2.32 1.66 1.14 1.40 1.96 206a 1.13 1.32 1.23 0.72b 1.26a 0.91 1.31 1.59 1.36 1.56 261 3.09 1.81 1.47 1.31 1.28b 1.28 1.50b 1.55 1.74 1.06
66% E-|;) 1.19 1.60 1.32 2.13 291 2.26 1.63 1.08 1.38 1.83 1.75b 1.04 1.29 1.22 0.95a 1.10b 0.88 1.29 1.98 1.52 1.61 2.56 3.44 1.92 1.78 1.61 1.6la 144 1.95a 1.50 1.67 1.03

FERT * IRR 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
UF*33% 1.16 1.76 1.21 1.96 2.83 2.20 1.70 1.05 1.28 1.85 1.92 1.10 1.26 0.86 0.67b 1.12 0.84 1.10 1.30 1.17 1.43 1.78 211 131 1.30 1.16 0.99 1.05 1.45 1.22 1.44c 0.92
UF*GG% 1.13 1.50 1.33 1.91 2.53 1.60 1.52 1.06 1.38 1.82 1.70 1.15 1.29 1.02 0.65b 1.08 0.90 1.16 1.71 1.35 1.58 1.65 2.35 1.45 1.47 1.47 1.37 1.29 1.79 1.44 ;256 0.95
PCU*330/0 1.26 1.65 1.24 2.19 2.83 1.72 1.76 1.11 142 1.87 2.33 1.05 1.22 0.96 0.59b 1.13 0.88 1.24 2.04 1.48 1.61 1.97 3.29 1.51 1.62 1.27 1.32 1.15 1.59 1.66 ;264 1.01
PCU*660/0 1.15 1.61 1.36 2.22 3.02 2.66 1.45 1.02 1.21 1.81 1.73 0.95 1.25 0.86 0.59b 1.01 0.87 1.28 2.82 1.57 1.65 1.81 2.69 1.62 182 1.53 1.73 1.57 2.02 1.58 1.76 b 1.04
UREA*33% 1.38 1.81 1.56 224 3.70 3.04 1.51 1.27 1.51 2.15 1.94 1.24 1.48 1.88 0.90b 1.53 1.02 1.58 1.42 1.44 1.63 4.10 3.89 2.60 1.49 1.51 1.52 1.65 1.44 1.76 215a 1.25
UREA*Ge% 1.28 1.68 1.28 2.43 3.18 2.53 193 1.17 1.55 1.86 1.83 1.02 1.32 1.78 1.63a 1.21 0.89 1.42 1.41 1.63 1.59 4.22 5.29 2.68 2.04 1.83 1.73 1.46 2.04 1.50 1.69b 1.10

* ** and *** are significant at the 0.05, 0.01, and 0.001 probability level, respectively, argigmificant (NS).
béfeegneOctdber 2014, day & gear 83623 to October 2015 (278).

AAnalysis of variance osoil nitrate (NQ)
Y Day of Year (DOY), 302, 316, & 344 of year 2014, following day of year occurred in 2015.

$Soure of variation, Fertilizer main effect (FERT) includes unfertilized (UF); polycoeted urea (PCU); and urea, Irrigation main effect (IRR) inclades
reference evapotranspiration (§fTeplacement and 66% Efeplacement, FERT*IRR is interaction oftiézer and irrigation.

content

n

n

TRain-out shelter period (irrigation treatments applied) from DOY 152 to DOY 238. Fertilization events occurred DOY 155 (urgeadPBOY 197 (urea only).
#LS Means of sail nitrate content (mg kgf soil) from 0 to 12.7 cndepth.
each

AANi t hi n
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TableA.11. Analyses of fertilizer main effect, irrigation main effect, and fertilizer*itigainteraction on soil nitrate (N cont ent i
zoysiagrass in year 2, from October 2015 (DOY 299) to October 2016 (DOY 277)
ANOVAA
Day of Year (DOY}Y
Parameter  Sourcé 299 326 339 352 14 44 74 96 112 124 131 139 143 1ﬂ53 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 2;12 252 259 271 277
Soil Fertilizer ki NS * NS  ** * * NS * NS NS * NS * NS * * ki NS NS * NS NS NS *=* * NS NS NS * NS NS NS * * NS NS
3 Irrigation NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * * NS ** Hhk ke bl NS NS * *x NS  ** NS NS * *x NS NS NS
FERT*YIRR NS NS NS NS NS NS NS NS NS NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
LS Mean$
Fertilizer 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
UF EASZA 0.63 8'97 0.99 2'90 é'39 é.SG 0.89 é'39 1.45 147 é.lS 1.82 éjg 3.16 é'83 é'zg i'36 1.16 1.66 é'34 1.22 090 117 é.47 25b 153 102 1.44 é'GG 132 1.6 1.15 é'31 é'ﬁl 1.6 1.83
PCU 10l op LM oap4 JO4 18 14T g9 203 455 150 152 p0p 184 geq 182 156 269 454 1g7 190 128 101 132 2% 328 45 115 196 1% 15 178 123 139 207 1s 215
Urea ;'18 0.75 ;'20 1.24 ;'27 ;'06 ;'66 1.12 2'04 1.81 1.82 ;'58 2.04 §.2 3.6 2’19 §'27 2'81 227 222 §'34 151 106 1.29 ;0'9 :'62 164 119 233 §'49 2.0 1.8 1.46 ;'85 §'38 2.03 235
Irrigation 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
3B%ED 102 075 116 124 106 182 157 101 18 17 17 147 20 197 366 218 185 240 109 175 136 103 079 099 405 5,5 139 094 445 57 445 150 107 135 446 177 218
66% ETo 099 058 105 108 108 155 142 099 184 148 156 139 193 101 327 438 224 241 203 505 213 184 5, 153 57 g4 172 434 o1 232 473 197 149 182 534 19 204
FERT * IRR 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
UF*33% 0.78 072 097 10 087 147 137 084 148 148 133 112 1.77 é_72 338 161 127 233 105 135 119 093 065 091 151 244 135 091 131 148 121 141 095 123 142 147 1.66
UF*66% 085 054 097 098 092 131 134 094 13 141 16 1.23 1.87 ﬁ.SS 294 205 131 239 127 196 148 151 116 142 144 256 171 114 156 184 144 179 134 138 1.8 1.72 20
PCU*33% 096 0.72 118 133 106 165 157 102 178 164 16 1.44 2.04 é]l 372 204 109 225 107 173 156 091 069 087 193 254 132 097 201 182 113 16 094 126 173 175 218
PCU*66% 1.06 051 1.1 115 1.02 156 136 096 23 141 158 1.6 2.0 é'97 356 1.6 203 313 142 201 312 166 134 176 258 4.02 168 133 191 22 187 196 151 193 231 20 212
UREA*33% 131 080 133 139 124 233 176 116 218 2.0 216 184 219 2'48 3.87 288 318 291 115 218 134 127 103 119 873 439 152 095 151 205 209 176 133 156 243 208 27
UREA*66% 1.06 0.70 107 111 131 179 156 109 191 162 148 133 19 é.93 332 95 337 471 34 226 156 176 1.1 139 131 485 177 144 315 293 189 185 1.6 214 233 198 20
*, **, and *** are significant at the 0.05, 0.01, and 0.001 probability level, respectively, and not significant (NS).
AAnalysis of variance ogoil nitrate (N@) cont ent i n ddlegndctdber 201, day af gear 299 to October 2016 (277).
YDay of Year (DOY), 299, 326, 339, & 352 of year 2015, following day of year occurred in 2016.
§Source of variatin, Fertilizer main effect (FERT) includes unfertilized (UF); polyroeated urea (PCU); and urea, Irrigation main effect (IRR) incl8@&sreference
evapotranspiration (&) replacement and 66% ETfeplacement, FERT*IRR is interaction of fertilizer andggation.
TRain-out shelter period (irrigation treatments applied) from DOY 152 to DOY 245. Fertilization events occurred DOY 158 (ureeadPBOY 202 (urea only).
#LS Means of soil nitrate content (mg kgf soil) from 0 to 12.7 cm depth.
AANithi n each source of variation, means in column withlLSDi(P<D@).ent | etters
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Tale A.12. Analyses of fertilizer main effect, irrigation main effect, and fertilizer*irrigation interaction on soil ammoniu) (dtent in

OMeyerd zoysiagrass in year 1ler20i5dDOM278)ct ober 2014 (DOY 302) to
ANOVAA
Day of Year (DOY}Y
Parameter Sourcé 302 316 344 20 38 76 92 111 125 133 139 147 ]_521] 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 2381] 252 265 278
NSH0”+ Fertilizer NS NS NS NS NS NS NS NS NS NS NS NS NS * NS NS NS NS * NS * * NS NS * NS NS NS NS NS NS NS
4
Irrigation * NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
FERTYIRR NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS * NS NS NS NS NS NS NS NS NS NS NS NS NS NS
LS Meand
Fertilizer 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
UE 665 895 551 817 676 1000 7.67 1016 765 736 621 1149 949 MO0 1130 902 1308 691 ;°“® 822 682b 726b 890 1035 883b 972 898 791 974 791 908 824
PCU 763 936 593 858 724 992 832 994 749 785 704 1180 1002 "% 1124 1057 1494 743 2% 889 8312 803b 967 1017 1°7° 1018 937 869 1095 859 945 871
Urea 718 955 561 840 7.06 953 814 1096 690 751 667 1163 998 *9 1233 os2 1343 828 % 819 eosb 0% o916 1052 371 oss 938 s3m 1068 850 828 862
Irrigation 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
7.58
33% E—l:j A A 9.31 5.67 8.41 6.91 9.93 8.22 10.47 7.50 7.75 6.54 11.51 9.69 12.68 11.80 10.17 13.90 7.98 11.63 8.52 7.36 9.09 9.40 10.65 10.25 9.67 9.14 8.52 11.13 8.44 8.66 8.66
a
66% E—l:j 6.73b 9.26 5.69 8.36 7.13 9.70 7.87 10.23 7.19 7.39 6.74 11.77 9.97 12.01 1145 9.24 13.74 7.10 11.48 8.35 7.35 8.32 9.09 10.05 9.31 10.17 9.35 8.10 9.78 8.29 9.21 8.39
FERT * IRR 302 316 344 20 38 76 92 111 125 133 139 147 152 154 156 160 167 174 182 189 196 198 200 203 211 216 223 231 238 252 265 278
UF*33% 6.90 8.77 5.53 8.17 6.70 10.11 8.33 10.02 7.72 7.37 5.57 1120 9.27 1149 11.61 9.24 12.65 7.17b 9.95 8.25 7.04 7.30 8.52 10.58 9.45 9.20 9.45 7.95 10.46 7.95 8.85 8.26
UF*66% 6.41 9.13 5.48 8.18 6.82 9.88 7.02 10.31 7.58 7.35 6.86 11.78 9.70 10.53 10.99 8.81 13.52 6.65b 10.90 8.20 6.61 7.22 9.28 10.12 8.32 1023 8.51 7.88 9.03 7.86 9.30 8.22
PCU*33% 7.84 9.08 5.84 8.58 6.77 9.86 8.56 10.41 7.84 8.19 6.99 1152 10.23 11.49 11.03 11.00 15.35 7.17b 1271 8.72 7.89 8.52 10.30 10.38 10.75 9.80 9.01 9.04 12.12 8.85 8.89 8.93
PCU*66% 7.42 9.65 6.02 8.58 7.71 9.98 8.07 9.46 7.14 7.51 7.09 12.08 9.81 10.70 11.44 10.14 1454 7.69b 12.07 9.06 8.72 7.53 9.04 9.96 10.76 10.55 9.74 8.33 9.79 8.33 10.01 8.49
UREA*SS% 8.00 10.08 5.65 8.47 7.24 9.83 7.78 10.98 6.95 7.70 7.07 11.81 9.57 15.07 12.75 10.27 13.72 9.60a 12.23 8.60 7.16 11.44 9.38 10.99 10.55 10.00 8.96 8.56 10.83 8.52 8.25 8.78
UREA*66% 6.37 9.02 5.57 8.34 6.87 9.23 8.51 10.93 6.85 7.32 6.28 11.44 10.40 14.80 11.90 8.76 13.15 6.97b 11.46 7.79 6.73 10.22 8.94 10.05 8.87 9.73 9.81 8.08 10.53 8.67 8.30 8.46
*, **, and *** are significant at the 0.05, 0.01, and 0.001 probability level, respectively, and not significant (NS).
AAnalysis of variance osoil ammonium (N\) cont ent i n ddiegndctdber 2044 day af ypar £3&2Pctober 2015 (278).
Y Day of Year (DOY), 302, 316, & 344 of year 2014, following day of year occurred in 2015.
§ Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); pokpmated urea (PCU); and urea, Irrigation main effd®R) includes33% reference
evapotranspiration (&) replacement and 66% Efeplacement, FERT*IRR is interaction of fertilizer and irrigation.
TRainout shelter period (irrigation treatments applied) from DOY 152 to DOY 238. Fertilization events d@el55 (urea & PCU) and DOY 197 (urea only).
#LS Means of soil ammonium (N#) (mg kg of soil) from 0 to 12.7 cm depth.
AAWit hin each source of variation, means in column wedtSDPd0.G5F er ent | etters ar
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TableA.13. Analyses of fertilizer main effect,

irrigation main effect, and fertilizer*irrigation interaction on soil ammoniugh) @diHtent in

OMeyer 6 zoysiagrass in year 2, from October 2015 (DOY 299) to Oct
ANOVAA
Day of Year (DOYY
Parameter Sourcé 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
I\ISI-(IJ”* Fertiizer ’ NS NS NS * NS NS * NS NS NS NS NS NS NS * NS NS NS NS * * NS NS NS * * NS NS NS * NS NS NS NS NS NS NS
4
Irrigation NS NS NS * NS NS * b NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS *= * NS NS NS NS NS NS NS NS NS NS *
FERT*YIRR NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS Ns
LS Mean§
Fertilizer 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
UF 10.4 3.9 9.26 7:; 9.1 102 677 9.38 8.9 101 8.17 73 6.33 79 128 361 6.62 6.67 6.71 8.94 889 7.47 5.07 122 874 778 515 8.6 4.14 558 9.5 571 419 695 416 54 5.22
6 o PR 5 4ab b b 3 b b b
PCU 10'6 427 954 ;bs 9.67 9.97 ;'57 9.65 9.97 éo'z 852 755 6.49 8.17 é3a'8 4.8 741 6.72 6.88 ;OaA 103'9 787 54 %2'8 3'46 gt?z 566 9.05 4.44 2'68 952 6.63 485 828 432 555 546
Urea 10'2 399 966 83a 994 988 3'66 9.78 é0.0 ;0'6 8.09 826 6.04 8.37 ézh'l 5.82 éoj 733 7.21 g.OS 3'28 7.28 5.08 é2_7 élaz 2'83 5.5 9.89 455 3'74 9.42 549 445 899 3.68 4.89 487
Irrigation 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
33%ET, 03 408 968 %17 oas 1% 74a ;%0 965 102 856 766 612 842 130 497 941 702 7.2 943 979 758 50 24 109 822 575 955 457 581 975 625 427 86 383 536 .0
66% ET, 105 403 920 [ o966 97 esb oT° o964 104 795 774 645 787 12° 451 71 681 674 953 959 75 536 o 57 9% 515 ge1 417 62 92 564 472 755 428 52 o°
FERT * IRR 299 326 339 352 14 44 74 96 112 124 131 139 143 153 157 159 161 163 165 173 181 187 193 201 203 205 208 210 214 222 229 236 242 252 259 271 277
UF*33% 105 398 954 766 889 O 699 977 881 971 781 703 613 7.9 > 35 654 696 683 912 897 720 497 1'% 028 748 543 88 399 549 093 563 404 711 42 58 422
UF*66% 04 383 898 756 932 944 654 899 90 05 853 757 653 79 100 372 671 639 650 876 881 764 517 L°° 821 81 488 839 428 567 907 579 434 679 412 50 622
PCU*33% O 442 965 792 971 105 814 98 993 O 896 703 592 868 ' 556 757 649 715 972 M1 785 504 [°° 989 796 588 911 469 633 100 692 449 811 383 55 463
PCU*66% 37 412 942 769 963 944 701 949 100 101 807 g0s 705 7es % aoa 725 696 eer M 1% 79 575 132 ooa %0 545 90 418 704 903 635 52 845 482 561 63
UREA*33% 200 383 984 892 983 954 708 0% 102 108 593 gor 63 se0 227 585 24 750 730 946 923 76 50 0 135 921 see 197 so4 ser 932 619 428 10° 345 470 s02
UREA*66% 03 415 947 768 100 1% 624 00 99 %4 725 76 578 805 o' 578 734 7.08 7.03 871 932 695 516 124 90 % 512 905 405 588 O51 479 463 741 39 498 473
*, **, and *** are significant at the 0.05, 0.01, and 0.001 probability level, respectively, and not significant (NS).
Analysis of variance ogoil ammonium (N&) content in O6Meyer 6 zoysiagrass between October 2015, day of
Y Day of Year (DOY), 89, 326, 339, & 352 of year 2015, following day of year occurred in 2016.
§ Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); pokpmated urea (PCU); and urea, Irrigation main effect (IRR) incld@&sreference
evapotransipation (ETo) replacement and 66% Efeplacement, FERT*IRR is interaction of fertilizer and irrigation.
TRain-out shelter period (irrigation treatments applied) from DOY 152 to DOY 245. Fertilization events occurred DOY 158 (ureaafdPBOY 202 (ureanly).
#LS Means of soil ammonium (N# (mg kg* of soil) from 0 to 12.7 cm depth.
AAWi 't hin each source of wvariation means in column wedtSDPd0.G5F er ent | etters ar sign
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TableA.14. Analyses of fertilizer main effect, irrigation main effect, and fertilizer*irrigation interaction

on visual quality in 6Meyerd zoysiagrass 1in
ANOVAA
Day of Yea (DOY)Y
Parameter Sourcé 147 1571 159 166 173 180 187 194 201 208 215 222 229 3@ 243 250 257
Visual Fel’tilizer NS * Kkk Kk *kk Fkk *kk *kk Kkk *kk *% *k NS NS NS NS *%k
Quality Irrigation NS NS NS NS NS NS NS NS NS NS  * NS  * ' o * *
FERTYIRR NS NS NS  * NS NS NS NS NS NS NS NS NS NS NS NS NS
LS Mean#
Fertilizer 147 1501 159 166 173 180 187 194 201 208 215 222 229 o3l 243 250 257
UF 7.7 ;,ﬂ 74c 73b 7.7c 74b 76b 7.4c 68c 7.1b 74b 75b 81 83 83 87 84b
PCU 81 82a 82b 86a 85b 90a 89a 90a 88a 88a 87a 88a 83 81 83 88 89a
Urea 79 78ab 86a 88a 89a 88a 86a 79b 83b 88a 82a 82a 80 80 7.8 84 88a
Irrigation 147 157 159 166 173 180 187 194 201 208 215 222 229 3¢l 243 250 257
33%ET, 79 78 81 81 84 83 83 81 78 82 78b 79 78b 7.7b 76b 83b 86b
66% ET; 78 79 81 83 83 84 84 82 82 82 84a 84 85a 86a 87a 89a 88a
FERT * IRR 147 1571 159 166 173 180 187 194 201 208 215 222 229 3@l 243 250 257
UF*33% 77 75 75 70c 78 72 73 73 65 68 72 72 77 80 78 83 83
UF*66% 77 77 73 75¢ 75 77 78 75 72 73 77 78 85 87 87 90 85
PCU*33% 82 80 80 83b 85 90 90 90 87 90 83 85 78 77 77 85 88
PCU*66% 80 83 83 88ab85 90 88 90 90 87 90 90 88 85 88 90 90
UREA*33% 80 78 87 90a 90 88 87 78 83 88 78 80 78 73 72 82 85
UREA*66% 78 77 85 87abs88 87 85 80 83 87 85 83 82 87 85 87 90

* ** and *** are significant at the 0.05, 0.01, and 0.Q@xbbability level, respectively, andnsignificant (NS)

Mnal ysi s v i s u atthe Rookg Foid TwfgrassReseareht e d

of

var

i ance

for

Center, Manhattan, KS between May (DOY 147) to September 2015 (259)
YDay of Year (DOY)in 2015.
8§ Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); pohpoated urea (PCU); and
urea, Irrigation main effect (IRR) includes 33% reference evapotranspiratignréplacement and 66% ET

replacement, FERT*IRR is feraction of fertilizer and irrigation.
TRain-out shelter period (irrigation treatments applied) from DOY 152 to DOY 238. Fertilization events occurred

DOY 155 (urea & PCU) and DOY 197 (urea only).
#LS Means of visual quality on a 1 to 9 soalgere 1= poorest color, uniformity, and density; 6 = acceptable
quality, and 9 = optimum color, uniformity, and density.
A Avithin each source of variation, means in column with different letters are significantly different according
PPoOOB)ct ed L

Fi

sher 6s

SD (
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TableA.15. Analyses of fertilizer main effect, irrigation main effect, and fertilizer*irrigation interaction

on visual qguality in 6Meyerd zoysiagrass in year
ANOVAA
Day of Year (DOYY
Parameter Sourcé 139 146 1531 160 167 174 181 188 195 202 209 216 223 230 237 o441 251 258 265
Visual _ Fertilizer NS NS NS o v mr mw m mw e e m mm me x ow e ow
Quality Irrigation NS NS NS NS * ok ok ok ok ok ok ok ok ok ok ok ok ok *

FERT*IRR NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

LS Mean#

Fertilizer 139 146 153 160 167 174 181 188 195 202 209 216 223 230 237 244 251 258 265

UF 6.2 6.4 6.2 S};“A 69c 75b 74b 75b 7.0b 63c 6.7b 75b 73b 75b 73b 73b 75b 77b 8.1b

PCU 6.4 6.6 6.5 6.8b 75b 78b 82a 84a 83a 84a 84a 84a 86a 83a 83a 84a 85a 88a 90a

Urea 6.3 6.4 6.5 73a 84a 85a 84a 84a 79a 75b 79a 83a 84a 84a 80a 80a 83a 87a 88a

Irrigation 139 146 153 160 167 174 181 188 195 202 209 216 223 230 237 244 251 258 265

33% ET, 6.3 6.4 6.3 6.7 73b 76b 75b 7.6b 69b 67b 68b 76b 76b 74b 70b 72b 74b 81b 85b

66% ET, 63 66 65 69 79a 83a 85a 86a 85a 8la 85a 86a 87a 87a 87a 87a 87a 87a 88a

FERT * IRR 139 146 153 160 167 174 181 188 195 202 209 216 223 230 237 244 251 258 265
UF*33% 6.2 6.5 6.2 6.2 6.7 7.2 7.0 7.0 6.3 5.7 5.8 7.0 6.7 7.0 6.5 6.7 6.8 7.2 7.8
UF*66% 6.2 6.3 6.2 6.7 7.2 7.8 7.8 8.0 7.8 6.8 7.5 8.0 8.0 8.0 8.2 8.0 8.2 8.2 8.3
PCU*33% 6.3 6.5 6.5 6.5 7.2 7.3 7.5 7.8 7.5 7.8 7.8 8.0 8.2 7.5 7.5 7.8 8.0 8.7 9.0
PCU*66% 6.5 6.7 6.5 7.0 7.8 8.2 8.8 9.0 9.0 9.0 9.0 8.8 9.0 9.0 9.0 9.0 9.0 9.0 9.0
UREA*33% 6.3 6.2 6.2 7.5 8.2 8.2 8.0 8.0 7.0 6.5 6.8 7.7 7.8 7.8 7.0 7.0 7.5 8.3 8.7
UREA*66% 6.3 6.7 6.8 7.2 8.7 8.8 8.8 8.8 8.8 8.5 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0

* ** and *** are significant at the 0.05, 0.01, and 0.Q@xbbability level, respectivelygnd rot significant (NS)
Mnal ysis of wvariance for vi s u atthe RookaFoidTwfgrasyReseareht e d i
Center, Manhattan, KS between May (DOY 139) to September (265) 2016.

YDay of Year (DOY) in 2016.

8 Source of variatin, Fertilizer main effect (FERT) includes unfertilized (UF); polyoeated urea (PCU); and

urea, Irrigation main effect (IRR) includes 33% reference evapotranspiratignréplacement and 66% ET
replacement, FERT*IRR is interaction of fertilizer amib@ation.

TRain-out shelter period (irrigation treatments applied) from DOY 152 to DOY 245. Fertilization events occurred
DOY 158 (urea & PCU) and DOY 202 (urea only).

#LS Means of visual quality on a 1 to 9 soaleere 1 = poorest color, uniformitgnd density; 6 = acceptable

quality, and 9 = optimum color, uniformity, and density.

A ANithin each source of variation, means in column with different letters are significantly different according

Fi sherds PPolOB)cted LSD (
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TableA.16. Analyses bfertilizer main effect, irrigation main effect, and fertilizer*irrigation interaction

on percent green cover in 6Meyer6 zoysiagrass in
ANOVAA
Day of Year(DOY)Y
Parameter Sourcé 147 1520 159 166 173 180 187 194 201 208 215 222 229 2361 243 250 257
Percent Fertlllzer *kk *kk *kk *kk * *% *kk *kk *kk Kk NS NS *kk *kk *k NS NS
Green
Cover Irrigation NS NS NS NS NS NS NS NS NS NS * *x * ok ok rokk ok
FERTIRR NS NS NS NS NS NS NS NS NS NS NS NS NS  * NS NS NS
LS Mean#
Fertilizer 147 152“ 159 166 173 180 187 194 201 208 215 222 229 236'” 243 250 257
UF ZZ'AZ 747b 81.8b 89.7c 91.9b 92.5b 92.9b 91.9b 933c 924b 956 935 91.9a 921a 88.0a 917 884
PCU 85.8a 819a 88.8a 93.0b 943a 956a 96.2a 95.2a 96.7a 95.6a 965 940 87.6b 86.1b 84.7b 89.4 89.0
Urea 83.6a 80.2a 90.9a 946a 939a 2‘;-1 92.3b 91.7b 955b 95.7a 96.1 93.8 87.6b 82.8b 83.2b 892 89.0
Irrig ation 147 1521] 159 166 173 180 187 194 201 208 215 222 229 236'” 243 250 257
33% ET, 814 787 868 921 934 93.6 938 927 951 943 955b 92.9b 87.9b 84.1b 82.7b 88.1b 87.5b
66% ET, 830 791 875 927 933 945 945 932 953 948 96.6a 946a 90.2a :9'9 87.9a 92.1a 90.0a
FERT * IRR 147 1521 159 166 173 180 187 194 201 208 215 222 229 93¢l 243 250 257
UF*33% 765 752 8l1 896 917 923 925 916 933 921 950 926 910 9l4a 87.0 912 87.3
UF*66% 779 741 825 899 921 926 934 922 933 926 961 945 929 927a 89.0 922 89.4
PCU*33% 851 816 881 924 942 950 959 951 96.6 950 961 934 864 83.7b 815 869 875
PCU*66% 86,5 823 895 935 944 962 964 952 969 96.2 968 947 888 886a 879 920 90.5
UREA*33% 827 794 911 944 943 934 929 914 952 957 955 929 862 77.2c 795 86.3 87.9
UREA*66% 84.6 809 90.7 947 935 948 936 920 958 958 96.8 947 89.1 23'4 86.9 922 90.1

* ** and *** are significant at the 0.05, 0.01, and 0.001 probability leredpectively, andat significant (NS.
Mnal ysis of variance for green c oattheRogkeFord Eurfgrassye ev al
Research Center, Manhattan, KS between May (DOY 147) to September 2015 (259).

YDay of Year (DOY) in 2015.

8§ Source of variationkertilizer main effect (FERT) includes unfertilized (UF); polyrmeated urea (PCU); and

urea, Irrigation main effect (IRR) includes 33% reference evapotranspiration (ETo) replacement and 66% ETo
replacement, FERT*IRR is interaction of fertilizer and iatign.

TRainout shelter period (irrigation treatments applied) from DOY 152 to DOY 238. Fertilization events occurred
DOY 155 (urea & PCU) and DOY 197 (urea only).

#LS Means of green cover percentage (0 to 100%) were calculated using a lightbaitahdasthera

Afvithin each source of variation, means in column with different letters are significantly different according

Fi sherds PPolOB)cted LSD (
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TableA.17. Analyses of fertilizer main effect, irrigation main effect, and fertilizer*irrigation ictésa on percent green cover in

OMeyer 6 zoysiagrass in year 2 (2016) .
ANOVA#
Day of Year (DOYY
Parameter Sourcé 139 146 1531 160 167 174 181 188 195 202 209 216 223 230 237 244 251 258 265
Percent Fertilizer NS NS NS * *kk *kk *kk *kk ** *hk ** ** ** * NS ** *kk *kk *kk
Green Irri g ation NS NS NS NS * Fkk Fkk Hkk Hkk Hkk Hkk Fkk Fkk Fkk Hkk *kk Hkk Hkk Hkk
Cover  FERT*IRR NS NS NS NS * NS b NS NS NS NS NS NS NS NS NS NS * w*
LS Meané
Fertilizer 139 146 153 160 167 174 181 188 195 202 209 216 223 230 237 244 251 258 265
UF 76.6 80.9 81.1 83.8 ﬁ;A 825b 86.7b 90.1b 90.8b 898b 894b 895b 895b 89.9b 91.7b 87.1 88.1b 91.7b 957b 94.1b
PCU 78.4 81.6 81.6 846b 83.0b 853b 904b 942a 940a 951a 941a 931a 936a 945a 897 91.8a 955a 97.7a 97.6a
Urea 76.5 80.6 81.6 86.8a 90.2a 927a 940a 954a 936a 940a 950a 955a 94.0a 955a 907 91.1a 947a 973a 96.8a
Irrigation 139 146 153 160 167 174 181 188 195 202 209 216 223 230 237 244 251 258 265
33% ET 76.8 81.3 82.3 84.9 845b 86.3b 894b 91.7b 896b 90.1b 892b 89.0b 89.0b 903b 845b 865b 918b 96.1b 952b
66% ET, 77.6 80.7 80.5 85.3 859a 90.2a 936a 952a 953a 956a 965a 963a 960a 975a 938a 94la 962a 97.7a 97.0a
FERT * IRR 139 146 153 160 167 174 181 188 195 202 209 216 223 230 237 244 251 258 265
UF*33% 76.4 81.0 83.0 83.7 82.2c 84.9 88.3c 89.2 87.2 86.8 85.7 85.6 86.2 87.7 83.2 84.4 89.0 945c¢c 92.3d
UF*66% 76.9 80.8 79.3 84.0 82.9bc 88.5 919b 924 92.4 92.1 93.2 93.4 93.5 95.8 90.9 91.8 94.5 97.0b 95.8¢c
PCU*33% 79.1 81.5 81.3 84.3 81.0c 826 86.8c 91.7 90.2 92.2 89.9 88.3 89.5 90.3 83.8 88.1 93.5 97.4ab 97.1ab
PCU*66% 7.7 81.7 81.8 84.9 84.9b 88.0 93.9ab 96.8 97.9 98.1 98.3 98.0 97.6 98.7 95.5 95.6 97.5 98.1a 98.0a
UREA*33% 74.9 81.4 82.6 86.7 90.4a 914 93.0ab 94.3 91.4 91.3 91.9 93.2 91.3 93.0 86.5 87.2 92.9 96.6 b 96.2 bc
UREA*66% 78.2 79.7 80.6 87.0 90.0a 94.1 95.1a 965 95.8 96.7 98.0 97.7 96.7 98.0 94.9 95.0 96.6 98.0a 97.3ab

*, **, and *** are significant at the 0.05, 0.01, and 0.001 probability level, respectigaly not significant (NS).

‘Analysis of variance for grerh zoweiragprasendtagtehe vRo ailay edoridh Owrefygr as s
September (265) 2016.

YDay of Year (DOY) in 2016.

8Source of variation, Fertilizer main effect (FERT) includes unfertilized (UF); polpoated urea (PQ); and urea, Irrigation main effect (IRR) includg% reference
evapotranspiration (EJ replacement and 66% Efeplacement, FERT*IRR is interaction of fertilizer and irrigation.

TRainout shelter period (irrigation treatments applied) from DOY 192@Y 245. Fertilization events occurred DOY 158 (urea & PCU) and DOY 202 (urea only).
#LS Means of percent green cover (0 to 100%) were calculated using a lightbox and digital camera.

AAwithin each source of variation, means in column with differenttlee r s ar e signi ficantly di fH<®0%nt according
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TableA.18. Spearman correlation coefficients for visual quality and percent green cover measured
i n a stand o fssféoM&gydorSéptemheryirs2015H gnd 2016.

SpearmarCorrelationCoefficient$
Percent Green Cover
Visual Quality 0.64™

*

, ,and™ are significant at the 0.05, 0.01, and 0.001 probability level, respectively.

AN = 1296

Y Percent green ceav (0 to 100%) were calculated using a lightbox and digital camera.

$Visual quality on a 1 to 9 scalkehere 1 = poorest color, uniformity, and density; 6 = acceptable
guality, and 9 = optimum color, uniformity, and density.
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TableA.19. Analysis of variance for the fixed effects of management schedule (MS), year, and depth on soil bulk density
(1), soil organic carbon (SOC), soil organic nitrogen (SON), soil carbon/nitrogen ratio (C/N), and average annual change

in soil organic carbon (pSOC).
Source of vaation Jb SOC SON C/N gs50C
T TATTTTTmmeValues "

Management schedule (MS) 0.0845 0.0273 0.0324 0.3472 0.4455
Year 0.8526 <.0001 0.0436 0.0005 --
MS x Year 0.8526 0.548 0.3814 0.3763 --
Depth 0.0002 <.0001 <.0001 0.5758 0.0005
MS x Depth 0.7456 0.2852 0.3932 0.1258 0.5231
Year x Depth 0.7408 0.0018 0.3521 0.2184 -
MS x Year x Depth 0.8627 0.6712 0.3218 0.1495 --

AP-values bolded are significant at either the 0.05, 0.01, and 0.001 probability levetfikesp.
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TableA.20. Analyses of test of slice effects of management schedule (MS), year, andrapil bulk
density { 1), soil organic carbon (SOC), soil organic nitrogen (SON), soil carbon/nitrogen ratio (C/N), and

average annual change in soil organic carbon
Tests of Slice Effects
Jb SOC SON CIN gBs0C
T T Values i

Cell means sliced by Year x Depth
2013 x B10 cm 0.9546 0.8049 0.6298 0.9096 --
2013 x 1620 cm 0.284 0.0329 0.5246 0.9407 --
2013 x 2630 cm 0.3657 0.2808 0.6116 0.9761 --
2016 x 010 cm 0.5327 0.8363 0.131 0.5488 0.6812
2016 x 1620 cm 0.4964 0.4215 0.763 0.2316 0.2161
2016 x 2630 cm 0.284 0.1485 0.0145 0.0069 0.729
Cell means sliced by MS x Depth
High x 010 cm 0.9546 <.0001 0.5878 0.3818 --
High x 1620 cm 0.8645 0.0406 0.4972 0.2675 --
High x 2630 cm 0.5704 0.0638 0.021 0.0005 --
Low x 0-10 cm 0.5327 <.0001 0.6116 0.6954 --
Low x 10-20 cm 0.8201 0.4777 0.1113 0.0298 --
Low x 20-30 cm 0.6908 0.0279 0.7239 0.3292 --
MS x Year sliced by Yea¥
2013 0.2686 0.0471 0.3497 0.9681 --
2016 0.1739 0.2372 0.0343 0.1997 0.4455
MS x Year sliced by MS
High 0.7929 <.0001 0.0423 0.0019 --
Low 1.000 <.0001 0.3998 0.0424 --
Year x Depth sliced by Yeat
2013 0.0035 <.0001 0.0035 0.7768 --
2016 0.0139 <.0001 <.0001 0.1655 0.0005
Year x Depth sliced by Depth
0-10 cm 0.6879 <.0001 0.9805 0.3715 --
10-20 cm 0.9679 0.0522 0.1099 0.0110 --
20-30 cm 0.4956 0.0053 0.058 0.0017 --

ATest of slice effects indicate significanvpa | u e
Y Test of slice effects indicate significanvpa | u e
§ Test of slice effects indicate significantvpa | u e
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a C 6o0=10.8083balded ifsigrificant.
a C Goe=10.625, b@ded ifsignificant.
a ¢ Go=10.616, haded ifsignificant.
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FigureB.1. Field plots at Rocky Ford Turfgrass Research Center, Manhattan KS on 24 June 2016
(baseline period, prdrought with no traffic applied).
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FigureB.2. Field plots at Rocky Ford Turfgrass Research Center, Manhattan KS on 6 Aug. 2016 (41
days of simulated drought with no irrigation and a total of 96 golf cart traffic passes applied inside
the white lines).
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