
ABSTRACT 

HOWARD, JR., MARK ALLAN. Comparing the Non-Target Effects of DMI Fungicides on 

Creeping Bentgrass Putting Greens. (Under the direction of Dr. Lane Tredway.) 

 

DMI fungicides (demethylation inhibitors) are known to reduce foliar growth of 

creeping bentgrass (Agrostis stolonifera L.) putting greens.  Their effects on lateral growth 

have not been assessed.  Reduction in the rate of lateral growth is important, especially in 

recovery from hollow-tine aerification. The purpose of aerification is to remove some of the 

thatch layer, thus allowing better infiltration of oxygen, water, and nutrients into the root 

zone, and alleviating compaction. The objectives of this study were to investigate the effects 

of applications of multiple DMI fungicides on (1) recovery of creeping bentgrass putting 

greens following hollow-tine aerification, (2) vertical growth of several cultivars of creeping 

bentgrass, (3) turf quality and color following applications for fairy ring control, (4) the 

effects of fertility level, primarily nitrogen, on turf recovery, quality and color, and (5) how 

these effects may differ across cultivars. The study was arranged as a split-plot, randomized 

complete block with four replications and was conducted over two years.  A 3x9 nitrogen 

rate x fungicide factorial treatment design was utilized.  Main plots were treated weekly with 

Coron 18-3-6 + 0.05% iron at rates of either 0, 0.03, or 0.06 kg N/100 m
2
.  Subplots were 

treated in week 0 and week 4 with: fenarimol(Rubigan) (4.55 g ai/100 m
2
), flutriafol 

(experimental)(SP2169) (2.8 g ai/100 m
2
), metconazole(Tourney) (5.62 g ai/100 m

2
), 

myclobutanil(Eagle) (7.61 g ai/100 m
2
), propiconazole(Banner Maxx) (9.87 g ai/100 m

2
), 

tebuconazole(Torque) (8.18 g ai/100 m
2
), triadimefon(Bayleton Flo) (15.75 g ai/100 m

2
), 

triticonazole(Trinity) (12.83 g ai/100 m
2
), triticonazole+pigment(Triton Flo) (12.52 g ai/100 

m
2
). Rates of all fungicides were those recommended for fairy ring control on creeping 



bentgrass putting greens in North Carolina. Separate experiments were conducted on putting 

greens established with the creeping bentgrass cultivars „Penn A-1‟ and „Penncross‟.  In 

2010, propiconazole, triadimefon, fenarimol, and flutriafol negatively affected recovery of 

„Penn A-1‟, but on „Penncross‟, only triadimefon slowed recovery.  In 2011, treatment 

interactions were observed, where increasing fertility levels tended to decrease differences in 

recovery associated with various fungicides. In 2010, propiconazole, triadimefon, 

myclobutanil, and fenarimol reduced turf quality on „Penn A-1‟, greatest negative effects 

were observed with triadimefon. Fenarimol, triadimefon, and propiconazole often lowered 

turf quality on „Penncross‟. In 2011, triticonazole + pigment and tebuconazole enhanced 

quality of „Penn A-1‟ in relation to the untreated and other treatments, while triadimefon and 

propiconazole often reduced quality to levels below those associated with triticonazole + 

pigment. Also in 2011, untreated plots and those receiving myclobutanil or triadimefon 

exhibited lower quality than triticonazole + pigment and tebuconazole on „Penncross‟. 

Compared to untreated turf in 2010, propiconazole, triadimefon, myclobutanil and flutriafol 

negatively impacted turf color on „Penn A-1‟, but very limited differences were observed on 

„Penncross‟.  In 2011, triticonazole + pigment and myclobutanil tended to positively 

influence color of „Penn A-1‟, especially following a second application. Flutriafol and 

triadimefon negatively influenced color on „Penncross‟ in 2011, while triticonazole + 

pigment, tebuconazole, triticonazole and propiconazole had positive effects on color. Shortly 

following applications, triticonazole + pigment temporarily increased recovery and color on 

both cultivars, and increased turf quality on „Penn A-1‟. This increase was likely due to the 

green phthalocyanine pigment incorporated with this fungicide. Fertility more often impacted 

turf recovery, quality and color than did fungicides.  Increasing fertility levels generally 



increased recovery rate, color, and turf quality on both cultivars. We concluded that some 

DMIs have negative effects on recovery, quality and color of the two cultivars of bentgrass 

used in this study.  Other DMIs, such as triticonazole + pigment, had temporary positive 

effects, which can almost certainly be attributed to the pigment.  „Penncross‟ was more 

tolerant to the DMIs than „Penn A-1‟ and variation among treatments on this cultivar was 

less pronounced.  
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BACKGROUND 

 Hollow-tine aerification is an important cultural practice in the management of high 

quality putting greens.  Hollow-tine aerification removes thatch and alleviates compaction. 

Hollow-tine aerification is followed by a sand topdressing, which creates columns of sand 

through the thatch layer that allow for better infiltration of oxygen, water, and nutrients into 

the root zone (Turgeon 2005).  However, hollow-tine aerification and topdressing 

temporarily reduce the playability of putting greens by disrupting the uniformity and 

firmness of the putting surface (Turgeon 2005).  Therefore, rapid re-growth of turf into the 

aerification holes is imperative to return the greens to acceptable quality as quickly as 

possible.  

DMI (demethylation inhibiting) fungicides inhibit the growth of many plant 

pathogenic fungi (Coolbaugh et al. 1982 b).  DMI‟s are used in the turf industry primarily as 

preventative fungicides for control of a wide spectrum of leaf and root pathogens (Elliott 

1999). The DMI fungicides inhibit demethylation at position 14 of lanosterol or 24-

methylene dihydrolanosterol, precursors of fungal sterols (Elliott 1999). DMI fungicides 

bond to cytochrome p450 demethylase and prevent the bonding of oxygen at the protoheme 

iron (Coolbaugh et al. 1978).  

Demethylation inhibiting fungicides can induce growth regulating effects on plants 

(Leopold 1971; Coolbaugh and Hamilton 1976; Shive and Sisler 1976; Coolbaugh et al. 

1982a) Due to the growth regulating properties of DMIs, some of these compounds have 

been utilized as plant growth retardants (Rademacher 2000). Growth retarding effects of 



 

 2 

DMIs are associated with an inhibition of gibberellin biosynthesis leading to a reduction in 

cell elongation and shoot length (Leopold 1971; Coolbaugh and Hamilton 1976).  

 During the time that the first hollow-tine aerifications are performed, the first 

preventative fungicide applications should be made to control diseases such as fairy ring 

(Miller 2009).  DMI fungicides are effective for control of fairy ring on bentgrass putting 

greens, and the first applications should be made when a five-day-average soil temperature 

reaches 10 C (Miller 2009).  Golf course superintendents have complained that they believe 

the DMI fungicides applied for fairy ring control slow recovery from hollow-tine aerification 

(Tredway, personal communication).  

The objectives of this study were to (1) investigate the effects of DMI fungicides on 

recovery of creeping bentgrass putting greens from hollow-tine aerification, (2) assess the 

effects of DMI fungicides on vertical growth, (3) determine their effects on turf quality and 

color, (4) evaluate the effects of fertility level, primarily nitrogen, on recovery, quality and 

color and (5) assess how these effects may differ across cultivars.  

 

LITERATURE REVIEW 

Hollow-Tine Aerification 

Hollow-tine aerification is a vital management tool for maintaining healthy, high 

quality turf (Turgeon 2005).  Removing cores of turf perform hollow-tine aerification at 

regular intervals. Holes are then backfilled with topdressing sand to create columns of sand 

through the thatch layer (Turgeon 2005). The purpose of hollow-tine aerification is to remove 

some of the thatch layer and decrease compaction (Turgeon 2005, Beard 1973). By removing 
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some of the thatch layer, water, air and nutrients are able to penetrate to the roots of the 

plants providing for a healthy, high-quality turf  (Beard 1973, McCarty 2007, Turgeon 2005). 

Elimination of this practice is not feasible, as no alternative approach is available for 

accomplishing these effects on putting greens (Turgeon 2005). McCarty (2007) reported an 

increase in water infiltration rates ranging from 130 to 169% for hollow-tine aerated plots 

compared with an untreated control.  A decrease in surface hardness of 9% on hollow-tine 

aerated plots was reported as well.  Monthly hollow-tine aerification can decrease scalping 

(White and Dickens, 1984).  Hollow-tine aerification increases turf quality and color and 

improves spring green-up (Fu, Dernoeden, and Murphy, 2008).  

Factors that influence speed of recovery from hollow-tine aerification are cultivar and 

nitrogen rate. Since cultivars vary in rate of lateral growth, recovery from hollow-tine 

aerification varies with cultivar (Jones and Christians 2009). Increasing nitrogen rates 

influence recovery speed from hollow-tine aerification, with increasing levels of nitrogen 

being associated with increasing recovery rates (McCullough 2006).  Different cultivars may 

respond to nitrogen applications to varying extents (Moeller et al. 2008).  Golf course 

superintendents are typically hesitant to apply nitrogen at rates other than those necessary to 

keep bentgrass putting greens moderately healthy (Tredway, personal communication). The 

reason for this is that nitrogen tends to slow down ball roll causing golfer dissatisfaction 

(Tredway, personal communication).  Hollow-tine aerification reduces ball roll on creeping 

bentgrass putting greens (McCarty 2007). Increasing nitrogen rates also reduces ball roll 

(Johnson 2003). If higher rates of nitrogen can positively influence the recovery speed of 

creeping bentgrass from hollow-tine aerification, then superintendents may desire to apply a 
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higher nitrogen rate to increase recovery speed following hollow-tine aerification. Another 

factor influencing recovery from hollow-tine aerification is the application of biostimulants 

along with a complete nutrient solution in the form of a 1/10 Hoagland‟s solution (Hoagland 

and Snyder 1933) prior to hollow-tine aerification.  (Bigelow 2009).  Biostimulants alone 

were unable to increase recovery speed, although the addition of the nutrient solution resulted 

in an increase in recovery speed when compared to untreated turf (Bigelow 2009).  Factors 

that influence turf growth in general include: light, temperature, moisture, nutrients, oxygen, 

disease, insects and traffic (Turgeon 2005). It is likely that these factors also influence 

recovery from hollow-tine aerification. Other factors that may influence recovery include tine 

diameter, hole spacing, and timing, although research on recovery speed following core-

aerification is limited. 

Nitrogen Level and Cultivar Affect Quality 

Differing rates of nitrogen fertility influence the quality of creeping bentgrass putting 

greens (Moeller et al. 2008). Moeller et al. (2008) conducted a study that evaluated low and 

high nitrogen regimes (112 and 196 kg of N per ha/year) across three different creeping 

bentgrass cultivars grown under golf course putting green conditions.  The three cultivars 

exhibited varying levels of shoot density, with „A-4‟ at 1400 to 2160 shoots/dm
2
, „L-93‟ at 

1230 to 1780 shoots/dm
2
, and „Penncross‟ at 760 to 1470 shoots/dm

2
.  Differences in shoot 

density within a cultivar were not detected with increasing levels of N fertility, when 

averaged across the collection period.  However, during August, higher N significantly 

increased shoot density when averaged across cultivars.   
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Both „A-4‟ and „L-93‟ exhibited quality levels >5 (0-10 scale with >5 being 

considered acceptable) at both fertility levels with the onset of summer heat stress (Moeller et 

al. 2008).  However, „Penncross‟ at the low fertility level exhibited less than acceptable 

quality.  When fertility was increased, turf quality values significantly increased by 0.4 to 1.1 

points.  While nitrogen level did not have as great of an effect on shoot density as was 

expected, higher nitrogen regimes positively impacted visual characteristics such as leaf 

texture and overall green color (Moeller et al. 2008). High nitrogen regimes can positively 

impact bentgrass quality especially under periods of high stress (Moeller et al. 2008). We can 

conclude that planting of a high shoot density cultivar such as „A-4‟ or „L-93, in combination 

with moderate nitrogen application, is crucial to achieving a quality appearance.  

Lateral Spread of Creeping Bentgrass Cultivars 

 Creeping bentgrass cultivars vary in their rate of lateral growth, which is likely to 

influence their rate of recovery from hollow-tine aerification. When 24 commercially 

available bentgrass cultivars were evaluated for lateral spread and recuperative potential 

„Penncross‟ exhibited the fastest establishment rate and „Bengal‟ the slowest (Jones and 

Christians 2009). Internode length was positively correlated with lateral spread (P=0.0058).  

Differences also occurred among cultivars in divot recovery.  „Imperial‟ demonstrated the 

fastest divot recovery rate, while „Alpha‟ was the slowest.  „Penncross‟ had a recovery rate 

that was statistically similar to „Imperial‟. While „Penn A-1‟ was not evaluated in this study, 

„Penn A-4‟, a similar cultivar, was evaluated and was found to have a lateral growth rate 

similar to „Penncross‟, although in contrast to „Penncross‟ the divot recovery rate of „Penn A-

4‟ was slower than „Imperial‟. 
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Measurement of shoot density and internode length showed that shoot density did not 

significantly correlate with divot recovery rate (r
2
=0.075 p=0.1662). However, internode 

length was positively correlated with lateral spread (p=0.0058), showing that bentgrass 

cultivars with longer internode lengths spread faster laterally than those with shorter 

internodes (Jones and Christians 2009).  Shorter internode lengths result in higher shoot 

densities allowing for a dense turf canopy and smoother ball roll (Cattani et al. 1996).   

Effects of Gibberellins on Plants 

 The most obvious effect of gibberellins on plants is promotion of stem elongation, 

although other effects include promotion of seed germination, promotion of root growth, 

delayed maturity, initiation of flowering, sex determination, pollen development, pollen tube 

growth, promotion of fruit set, induction of parthenocarpy, and promotion of early seed 

development (Taiz 2010).  While gibberellins have been used commercially to achieve a 

wide range of desirable effects, this review will primarily address the effects of gibberellins 

on internode elongation.   

 Gibberellins are diterpenoids formed from four isoprenoids consisting of five carbons 

each.  The gibberellins generally have a tetracylic ent-gibberellane skeleton(C20 gibberellins), 

however some have a 20-nor-ent-gibberellane skeleton that contains only 19 carbons with the 

20
th

 carbon being lost to metabolism (C19 gibberellins).The C19 gibberellins have the highest 

biological activity with the most important being GA1,GA3,GA4, and GA7. These gibberellins 

all have a 4,10-lactone, a carboxylic acid at C-6, and a hydroxyl group at C-3, but differ in 

double bonds or hydroxyl groups at other locations which influence their biological activities 

(Murase et al, 2008; Shimada 2008; Taiz 2010). 
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 Plants respond to bioactive gibberellins by depressing biosynthesis of gibberellins and 

stimulating their deactivation in an effort to avoid excessive stem elongation.  Reduced 

gibberellin biosynthesis is achieved through negative feedback regulation, where some of the 

genes encoding for ent-kaurene oxidase(KO) and ent-kaurenoic acid(KAO), precursors of 

gibberellins in the methylerythritol phosphate (MEP) pathway, are down-regulated.  Some 

homologs of the genes encoding for KO and KAO do not activate negative feedback 

regulation, when these are expressed the result may be a “spike” in bioactive gibberellin 

content (Taiz 2010). 

 The effects of gibberellins on stem elongation are not fully understood, but it is 

known that gibberellins stimulate cell division and cell elongation.  While both the 

extensibility of cell walls and water uptake influence cell elongation, gibberellins only have 

an effect on cell extensibility.  Gibberellins decrease the wall yield threshold, which is the 

minimum amount of force that will allow wall extension (Taiz, 2010).It has been shown that 

gibberellins induce expression of genes that encode for the enzyme xyloglucan 

endotransglucosylase/hydrolase (XTH) (Xu et al. 1996; Choi et al. 2003).  It is postulated 

that XTH may facilitate the entrance of expansins into the cell wall. Expansins are cell wall 

proteins that induce extension and flexibility of cell walls (Taiz 2010). Cell division is 

stimulated by gibberellins through increased expression of genes for cyclin-dependent 

protein kinases (CDKs)(Fabian et al. 2000, Taiz 2010). 

 Commercially available GA3, or gibberellic acid, is obtained from pure culture 

isolates of the fungus Gibberella fujikuroi, the causal agent of bakane or “foolish seedling 

disease” in rice.  The gibberellic acid synthesized by this fungus causes infected rice 
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seedlings to grow much taller than uninfected plants, resulting in lodging and weakening and 

death of lower stem tissues.  Infected plants rarely produce grain heads, therefore this disease 

can have catastrophic effects on rice yields.  However, gibberellic acid is often used to the 

growers advantage on crops such as grapes and ornamentals (Taiz 2010).  Gibberellins are 

applied to „Thompson‟ seedless grapes to promote larger fruits. Elongated pedicels are 

another result of gibberellins on grapes, this allows more air flow through the cluster and thus 

lower disease severity (Taiz 2010).  Gibberellins applied to some ornamentals induce longer 

internodes between branches, creating a more open canopy which is aesthetically desirable in 

some species (Taiz 2010).  

The effects of exogenously applied gibberellins may be negligible on plants that are 

normal height at maturity, because natural gibberellins may not be a limiting factor in the 

growth of these plants.  On the other hand, exogenously applied gibberellins may have very 

dramatic effects on stem elongation for dwarf mutants that are limited in their abilities to 

produce gibberellins.  Dramatic effects are often seen on species of plants with rosette 

arrangements and in some members of the grass family (Taiz 2010).  A study conducted by 

the United States Department of Agriculture (USDA) involved gibberellic acid exogenously 

applied to bermudagrass, bentgrass and zoysiagrass (Juska 1958). In this study stolons of 

bermudagrass, bentgrass, and zoysiagrass were soaked in water alone or in solutions 

containing various concentrations of gibberellic acid.  Stolon growth was then measured over 

the following 22 days. „Cohensey‟ bentgrass stolons exhibited the highest degree of 

increased stolon growth in response to gibberellic acid when compared to bermudagrass and 

zoysiagrass.  Stolon growth of bentgrass increased with each increase in gibberellic acid 
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concentration to a level of 50 ppm, above which stolon growth decreased in comparison to 

untreated stolons.  Bentgrass stolons soaked in the 50 ppm solution grew approximately 33% 

longer than those soaked in water alone.  In another experiment, plugs of bentgrass, 

bermudagrass, and zoysiagrass were transplanted into field plots and allowed to become well 

established (Juska 1958).  The plots were then sprayed with varying rates of gibberellic acid 

solutions and stolon growth was measured.  Applications of 10 ppm of gibberellic acid 

yielded a significant increase in bentgrass stolon growth when compared to the untreated 

control.  However, increasing application rates of gibberellic acid beyond 10 ppm caused 

undesirable etiolation and yellowing of bentgrass plots (Juska 1958).  

Gibberellins have important influences on root growth as well as shoot growth.  In 

wild-type Arabidopsis and dwarf mutants of various pea species where synthesis of 

gibberellins is blocked, reduced root growth has been documented as compared to wild-type 

plants.  In these instances, exogenous gibberellin applications to the shoots promotes both 

shoot and root elongation to levels similar to wild type plants (Yaxley et al. 2001; Fu and 

Harberd 2003). 

Gibberellin Biosynthesis 

 Knowledge of gibberellin biosynthesis is important for understanding at what step in 

the pathway different groups of growth regulators affect gibberellin production. Gibberellins 

are diterpenes produced via the methylerythritol phosphate (MEP) pathway (Lichtenthaler 

1999).  During phase one of this process, which occurs in plastids, glyceraldehyde 3-

phosphate condenses with two carbon atoms from pyruvate to form 1-deoxy-D-xylulose 5-

phosphate.  This is then rearranged and reduced to yield 2-C-methyl-D-erythritol 4-phosphate 
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(MEP), which is then converted into isopentenyl diphosphate (IPP).  IPP and dimethylallyl 

diphosphate (DMAPP), the isomer of IPP, react to produce geranyl diphosphate (GPP).  GPP 

then links to another molecule of IPP producing farnesyl diphosphate (FPP).  After linking 

with another molecule of IPP, geranylgeranyl diphosphate (GGPP) is produced, which is the 

precursor of diterpenes.  At this point GGPP is converted into ent-kaurene, being catalyzed 

by ent-copalyl-diphosphate synthase (CPS) and ent-kaurene synthase (KS).   

The second stage occurs on the plastid envelope and in the endoplasmic reticulum, 

where ent-kaurene is converted into GA12.  Important enzymes involved in this process are 

ent-kaurene oxidase (KO), and ent-kaurenoic acid oxidase (KAO).   

The third stage of gibberellin biosynthesis takes place in the cytosol, where GA12 is 

converted to C20GAs, and later into C19GAs, including the bioactive GAs.  Oxidative 

reactions in stage 3 occur in the A-ring, and most plants utilize intermediates within the 13-

hydroxylation pathway that have an OH
-
 group at C-13 (Taiz 2010).    

Effects of Plant Growth Retardants on Gibberellin Biosynthesis 

Cell elongation tends to be closely linked to available gibberellins, the synthesis of 

which can be highly affected by relatively low concentrations of growth retardants.   There 

are four different groups of gibberellin biosynthesis inhibitors, each of which inhibit 

gibberellin biosynthesis at different places in the MEP pathway (Rademacher 2000). 

Inhibition at different steps of the gibberellin biosynthesis pathway may be a reason why 

side-effects on plants vary among the different groups of growth regulators.  

All of the gibberellin biosynthesis inhibitors act by mimicking various precursors in 

the MEP pathway, thus effectively binding to and blocking receptors for these precursors. 
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However, each group acts differently within the MEP pathway.  The first and oldest group is 

known as onium type compounds. These compounds have a positively charged ammonium, 

phosphonium, or sulphonium group which is responsible for inhibiting the cyclization of 

GGPP into ent-copalyl-diphosphate, the precursor of ent-kaurene.  Members of this group 

include chlormequat chloride and mepiquat chloride (Rademacher 2000).   

The second group of gibberellin biosynthesis inhibitors are those possessing an N 

containing heterocycle.  Members of this group act by inhibiting monooxygenases that are 

important for oxidative steps involved in converting ent-kaurene into ent-kaurenoic acid 

(Graebe 1987; Rademacher 2000). The monooxygenases that are targeted include 

cytochrome P450, and most likely oxygen is displaced from its binding site at the protoheme 

iron by the lone pairs of electrons found on these growth retardants (Coolbaugh 1978; 

Hasson 1976). Included in this group are retardants such as tetcyclasis, ancymidol, 

flurprimidol, paclobutrazol, uniconazole, and inabenfide.  Within the group of triazoles, 

paclobutrazol and uniconazole have been demonstrated to be the most effective at inhibiting 

shoot growth in monocots as well as dicots (Fletcher et al. 1986; Gilley and Fletcher 1997). 

Because of paclobutrazol‟s two asymmetric carbon atoms, it forms the two following pairs of 

enantomers 2RS, 3RS and 2RS, 3SR.  The + enantiomeric form (2RS, 3SR) exhibited a high 

degree of activity against powdery mildew on apple foliage, while exhibiting a low degree of 

plant growth regulation.  However, the – enantiomeric form (2RS, 3RS) exhibited effects that 

were opposite from this (Sugavanam 1984; Burden et al. 1987).  Thus paclobutrazol, 

produced today primarily as a growth inhibitor, contains almost exclusively the 2RS, 3RS 

form.  Research indicates that the main determinant of fungitoxicity is associated with the R 
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configuration at the chiral carbon having the hydroxyl groups (carbon 2 of triadimenol, 

carbon 3 in paclobutrazol), however compounds possessing an S configuration at this 

location are more effective as gibberellin biosynthesis inhibitors (Burden et al. 1987; Hedden 

and Graebe 1985).  All of the demethylation inhibiting fungicides currently labeled for 

bentgrass putting greens belong to the N-heterocyclic group and include: fenarimol, 

metconazole, myclobutanil, propiconazole, triticonazole, tebuconazole and triadimefon.  One 

experimental fungicide evaluated in the following study, flutriafol, also belongs to this group.  

The third group of growth retardants is comprised of structural mimicks of 2-

oxoglutaric acid.  These growth retardants are acylcyclohexanediones and they interrupt later 

steps in gibberellin biosynthesis.  These compounds primarily inhibit the formation of the 

bioactive GA1 from GA20(Griggs 1991). However, they also show some degree of activity in 

preventing the conversion of GA1 into GA8(Griggs 1991; Nakayama 1991).  Due to 

inhibition of these reactions, accumulation of GA20 and earlier precursors are observed in 

plants treated with compounds belonging to this group (Adams 1992; Brown 1997; Junttila 

1997).   Belonging to this group of retardants are prohexadione-Ca, trinexapac-ethyl, and 

daminozide (Rademacher 2000). 

The fourth, and most recently developed, group of growth retardants is called the 

16,17-Dihydro-GAs.  These compounds are mostly derivatives of GA5 and are 

predominantly active on graminaceous species.  Their mode of action is similar to the 

acylcyclohexanediones, which catalyze the later stages of GA metabolism. The most 

common step inhibited by the 16,17-Dihydro-GAs is 3  hydroxylation (Rademacher 2000; 

Foster 1997; Junttila 1997; Takagi 1994), which is the process by which GA20 is converted 
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into bioactive GA1. Members of this group mimick GA20 and therefore bind to GA20 

receptors. The most active member of this group is exo-16,17-Dihydro-GA5-13-acetate 

(Rademacher 2000).  The depiction taken from Rademacher 2000 shows the sites at which 

these different groups of growth retardants inhibit gibberellin biosynthesis. (Figure 1). 

The fungitoxic compounds triarimol, fenarimol, and nuarimol and the plant growth 

regulators ancymidol and EL-509 were tested on Gibberella fujikuroi to compare their effects 

on growth and gibberellin synthesis.  Triarimol, fenarimol, and nuarimol had a greater 

inhibitory effect on mycelial growth than ancymidol and EL-509.  However, all five 

compounds were inhibitory to gibberellin production of the fungus in culture.  Interestingly, 

subinhibitory concentrations of EL-509 and ancymidol caused a stimulation of gibberellic 

acid synthesis in G. fujikuroi.  This could be evidence of a short interval “rebound effect” 

relating to the production of gibberellic acid(Coolbaugh et al. 1982b). The “rebound effect” 

might be explained by temporarily stopping KO from being converted into KAO, although 

KO is still being produced.  When the efficacy period of the fungicide is over, all of the 

stored KO is converted into KAO and gibberellins are synthesized.   The increase in 

gibberellin production over the untreated might be explained by the untreated cultures being 

subject to negative feedback regulation whereas the treated would not, because the KAO was 

not synthesized. 

Effects of Plant Growth Regualators on Other Phytohormones 

 While the effects of plant growth retardants on gibberellin biosynthesis are most 

pronounced, plant growth regulators (PGRs) also affect levels of other phytohormones to a 
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lesser degree.  Effects on phytohormones other than gibberellins may contribute to the 

existence or degree of side-effects associated with plant growth retardants.  

The N-heterocyclic group increases levels of cytokinins, and decreases levels of 

ethylene (Fletcher 1999; Grossman 1992).  This has been attributed to the shifting of 

assimilates to the roots, known sites of cytokinin formation, rather than to the shoots.  This 

shift in phytohormore levels delays senescence and increases tolerance to environmental 

stresses such as drought (Fletcher 1999; Grossman 1992).  It has been postulated that under 

favorable growing conditions, cytochrome P450-dependent monoxygenases may be 

upregulated in untreated plants, resulting in high gibberellin biosynthesis but low abscisic 

acid biosynthesis.  Conversely, under stressful growing conditions, these enzymes are 

downregulated, resulting in low levels of gibberellin biosynthesis and higher levels of 

abscisic acid biosynthesis.  This would result in reduced shoot growth, photoassimilation, 

and transpiration rates.  By chemically preventing gibberellin biosynthesis; reduced shoot 

growth, photoassimilation, and transpiration may precede the onset of stressful growing 

conditions (Rademacher 2000).   

 The fungicidal effects of gibberellin-inhibiting growth retardants can be attributed to 

inhibited biosynthesis of sterols, primarily ergosterol, which is an important component of 

fungal cell membranes.  Plant sterols are triterpene derivatives that stabilize cell membranes 

by interacting with phospholipids (Taiz 2010). Enzymatic reactions required to synthesize 

ergosterol are similar to those required to synthesize gibberellins (Benveniste 1986; Burden 

1987; Chappell 1995).  Members of the onium group of plant growth retardants, when 

applied at high rates, inhibited the biosynthesis of sterols in tobacco (Douglas 1974).  These 
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effects could be reversed by the addition of gibberellins as well as the addition of different 

phytosterols (Douglas 1972; Douglas 1974).  The growth retardants used in these studies 

were postulated to inhibit 2,3-oxidosqualene cyclase during the process of sterol synthesis.  

These same results could not be replicated in pea microsomes, indicating that there may be 

species-specific interactions between growth retardants and sterol biosynthesis (Duriatti 

1985).   

Plant stunting is a reduction in growth from which the plant may never fully recover.  

Growth retardation implies reduced growth from which the plant should eventually recover.  

Plant stunting is a negative side-effect associated with high concentrations of growth 

retardants, and has been attributed to lowered rates of cell division (Nitsche et al. 1985, 

Grossman 1992) 

 Growth retardation of plants treated with DMIs at moderate rates has been attributed 

to a decrease in cell elongation rather than a decrease in cell division (Tonkinson 1995). 

Intense growth regulation of intact wheat and sunflower plants caused by tetcyclacis and 

several other triazoles could not be reversed by exogenous applications of phytosterols 

(Rademacher 2000).  Thus it seems that sterols have only minor effects on longitudinal 

growth.  It is generally believed that sterols play a much smaller role in longitudinal growth 

than do gibberellins, since cell elongation is much less sensitive to alterations of sterol 

composition than is cell division. However, gibberellins did induce an increase in cell 

expansion in suspension cultures. Further evidence for this conclusion is that the inhibition of 

cell division induced by tetcyclasis in celery cell suspensions was not reversed by the 

addition of gibberellic acid (Grossman 1988). The inhibitory effects of paclobutrazol on cell 
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division in celery cell suspensions was overcome by the addition of cholesterol and/or 

stigmasterol(Haughan et al. 1988). This suggests that sterols may be more important for cell 

division than gibberellins.  

General Effects on Plant Growth Associated with N Heterocyclic Compounds 

Knowledge of how N heterocyclic compounds are used commercially and the effects 

that they are known to elicit is important for understanding side-effects that may occur with 

their use. Certain triazole-derivitaves such as paclobutrazol and miconazole are very active as 

plant growth retardants (Hedden and Graebe 1985; Izumi et al. 1984, 1985) The growth 

retarding effects that these compounds exibit on plants have been used to the grower‟s 

advantage in a multitude of cropping systems including orchards, ornamentals, bushes, 

grasses, cereals and rice (Swietlik and Miller 1983; Curry and Williams 1983; McDaniel 

1983; Menhenett et al. 1983).  

The most pronounced site of activity associated with N heterocyclic growth 

regulators can be found within the subapical meristems, which determine internode 

elongation (Dicks 1980).  Growth regulation induced by low concentrations of pyrimidine 

and triazole derivatives have been fully reversed by the addition of gibberelic acid, thus 

strengthening the evidence that growth regulation can be attributed to an inhibition of 

gibberellin biosynthesis (Leopold 1971; Coolbaugh and Hamilton 1976; Shive and Sisler 

1976; Buchenauer and Grossman 1977; Buchenauer and Rohner 1981; Coolbaugh et al. 

1982; Wample and Culver 1983; Curry and Williams 1983; Hedden et al. 1989). 

 Application of exogenous gibberellic acid has been shown to counteract the 

inhibition of root growth caused by triazoles (Sankhla et al. 1991).  When higher 
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concentrations of N heterocyclic growth inhibitors were applied, the addition of gibberellic 

acid only partly reversed the growth retardation effects in bean (Shive and Sisler 1976), pea 

(Coolbaugh et al. 1982) and barley seedlings (Buchenauer and Grossmann 1977; Buchenauer 

and Rhoner 1981).  

Triazole derivatives triadimenol, triadimefon, paclobutrazol, diclobutrazol, etaconazol 

and propiconazole also reduced the activity of giberellic acid-like compounds in leaves of 

barley seedlings (Buchenauer and Grossman 1977; Buchenauer and Rohner 1981; 

Buchenauer et al. 1984b). In general,  plants treated with N-heterocyclic growth retardants 

contained lower levels of gibberellins than untreated control plants.  However, application 

rate, time between treatment and analysis, and plant species all contributed to the extent of 

growth reduction (Haughan et al. 1989).  

Plants treated with N-heterocyclic growth retardants usually appear darker green than 

untreated control plants (Davis 1988; Sankhla 1996b, 1997).   Also, the primary leaves of 

treated cereal seedlings are thicker, wider and have a thicker epicuticular wax layer than 

untreated plants (Gao 1987). Such plants also tend to have higher dry weights per unit area 

than untreated plants (Davis 1988).  Interestingly, it has been found that the chlorophyll 

content per unit of dry weight of Kentucky bluegrass was not altered by triadimefon and 

etaconazole treatments, although treated plants appeared greener than the untreated plants 

(Kane and Smiley 1983).  This can be attributed to the restriction of cell elongation and an 

increasing cell density, which resulted in more chlorophyll per unit of leaf surface area 

(Davis et al. 1988; Sankhla et al. 1996b; 1997; Khalil 1995). Weekly applications of 

propiconazole and alternating applications of propiconazole and chlorothalonil on a 
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„Penncross‟ creeping bentgrass putting green resulted in increased clipping weights, a darker 

green appearance, and decreased visual quality (Reicher and Throssell 1997).  While the 

darker green color of turf repeatedly treated with propiconazole would tend to increase 

quality, the reduction in quality has been attributed to a decrease in turf density and coarser 

textured leaves (Reicher and Throssel 1997).  They postulated that a limited number of 

propiconazole treatments might be used advantageously to promote a darker green 

appearance without decreasing turf density.  This darker green appearance has been 

attributed to increased chlorophyll content per leaf surface area (Davis et al. 1988; Sankhla et 

a. 1996b, 1997) and to chloroplasts being more densely packed into a smaller leaf area 

(Khalil 1995).  Interestingly, Reicher and Throssel (1997) found that pink snow mold only 

appeared in propiconazole treated plots in the spring of 1993.  They concluded that since the 

propiconazole treated plots remained greener for a longer period of time into the winter, 

these plants were more succulent and thus more susceptible to pink snow mold damage.  

Propiconazole has also been shown to increase shoot growth in other studies (Goatley and 

Schmidt, 1990a; Wulster et al., 1987).  

Negative Side-Effects of DMI Fungicides on Turfgrass 

 Undesirable side-effects associated with DMI fungicide applications on turf have 

been reported (Vincelli 2007, Elliott 1995,1999, Koch and Kerns 2010). Negative effects 

resulting from application of DMI fungicides include coarser leaf blades, chlorosis, and a 

reduction of recuperative potential (Vincelli 2007).  A major problem with determining the 

extent of DMI growth regulation is the difficulty in diagnosing it (Koch and Kerns 2010).  

Negative side-effects due to DMI applications are often seen as thinning of the turf canopy, 
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yellowing, and possibly browning.  However, no signs of physical injury are detectable either 

with or without a microscope (Koch and Kerns 2010). This directs one‟s attention to the 

necessity of reviewing a list of recent chemical applications should DMI injury be suspected.  

Elliott (1995) found that the DMI fungicides significantly reduced bermudagrass quality, 

identified as a reduction in turfgrass density and yellowing.  This study also noted that weed 

invasion became a problem in plots where turfgrass growth and density were reduced.  Both 

low and high labeled rates of cyproconazole and bromuconazole and the high label rate of 

propiconazole significantly reduced bermudagrass quality as compared to the untreated 

control on all evaluation dates (Elliott 1999).  In contrast, tebuconazole, fenbuconazole and 

lower rates of myclobutanil did not significantly affect bermudagrass quality.  Decreased 

bermudagrass quality has been associated with fenarimol, propiconazole, triadimefon and 

myclobutanil (Elliott 1999).  

Digital Image Analysis in Turfgrass Research 

While subjective ratings are a valuable and widely used method for collecting various 

types of data from turf experiments, there are several inherent problems with this type of 

collection. One problem is that variability between researchers precludes one from 

comparing data from different researchers with absolute certainty (Horst et al. 1984).  

Another problem is that some differences exhibited among treatments may be so subtle that 

researchers may not be able to distinguish them (Landschoot, 2000).  Finally, varying 

weather conditions, such as angle and/or intensity of sunlight may impair one‟s ability to 

consistently rate experimental units over time (Mills, 1997). While the value of subjective 

ratings should not be underestimated, for experiments where subtle differences are 



 

 20 

encountered, digital image analysis (DIA) should be considered as an evaluation method, as 

it may be able to distinguish differences where subjective ratings cannot.  

DIA has proved to be an effective, efficient and accurate means of measuring 

turfgrass cover, quality and recovery that eliminates subjective bias and limits the inherent 

error that is associated with subjective ratings. Richardson et al. (2001) conducted a study 

where plugs of bermudagrass were established at rates of .75 to 12% cover in plots, DIA 

provided estimates of green turfgrass cover that were highly correlated (r
2
> 0.99) to 

calculated % cover values.  Another aspect of this study compared DIA to subjective analysis 

by five experienced turf researchers and line-intersect analysis for estimating % green turf 

cover.  It was found that the mean variance associated with percent cover was significantly 

higher for both subjective analysis (99.12) and line intersect analysis (13.18) than by DIA 

(0.65).  A study was conducted were 10 trained turfgrass researchers evaluated the same plots 

among different cultivars of turfgrass for quality and density, and it was determined that 

there was more variability associated with the researcher than with the cultivar being rated 

(Horst et al. 1984).  

DIA provides a means to quantify turf cover, quality, and color (Richardson et al. 

2001).  The DIA software used in the following study was SigmaScan (SPSS, Inc., Chicago, 

Illinois) and it operates by measuring the hue, saturation and brightness (HSB)(the three 

components of color) of each pixel (Karcher 2003).  These HSB values are then averaged 

across pixels to assign values for the entire image.   

The percent-turf-cover-analysis procedure developed by Dr. Karcher at the University 

of Arkansas allows one to use SigmaScan to determine the percent coverage of turf within an 
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image by determining the percentage of pixels that have hue and saturation values that fall 

within selected thresholds (Karcher 2005). If the components of quality turf are defined as 

color and density, then the percentage of turf coverage within an image that has hue values 

that are considered acceptable can be deemed the percentage of quality turf.  

A dark green color index (DGCI) was developed by Dr. Karcher at the University of 

Arkansas that combines HSB values into one value from 0-1, which corresponds to the color 

that one would visually perceive (Karcher 2003).  DGCI is derived from the following 

algorithm DGCI= [(H-60)/60 + (1-S) +(1-B)]/3.  

 

 MATERIALS AND METHODS 

Field experiments were conducted in the spring of 2010 and 2011. Two separate 

experiments were conducted on „Penn A-1‟ and „Penncross‟ creeping bentgrass putting 

greens constructed to USGA specifications in 2004 and 2003, respectively. A 3x9 factorial 

treatment design was utilized as nitrogen rate x fungicide. Experimental design was a split-

plot, randomized complete block with four replications. Fertilizer treatments were applied to 

main plots and fungicide treatments comprised the subplots. 

An initial blanket application of granular fertilizer (9-18-9, 25% slow release 

nitrogen) at a rate of 0.12 kg N/100 m
2
 was made approximately one week before trial 

initiation in both years. Main plots measured 13.7 m by 3 m and were treated weekly with 

Coron 18-3-6 + 0.05% iron, at rates of either 0, 0.03, or 0.06 kg N/100 m
2 
except on weeks 

when fungicides were applied. Standard applications of fungicides, insecticides and wetting 
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agents were made during both study years to protect the untreated plots and facilitate data 

collection (Table 1). 

Subplots measured 1.5 m by 3 m and were treated. All of the DMI fungicides labeled 

for control of fairy ring on creeping bentgrass as well as one experimental compound from 

SePro were used (Table 2). Each product was applied twice, 28 days apart, at rates 

recommended for fairy ring control. Applications were made to „Penn A-1‟ on 14 Apr and 12 

May in 2010 and 13 Apr and 13 May in 2011. The „Penncross‟ green was treated on 16 Apr 

and 14 May in 2010 and 15 Apr and 12 May in 2011.  Fenarimol, which was removed from 

the turf market in 2012, was replaced with the newly released tebuconazole (Torque) for the 

2011 experiments. Immediately following fungicide applications in week 0, three round 

holes (35 mm in diameter and 63.5 mm deep) were cut along one side of each subplot at a 

spacing of 1 foot from the plot edge and 2 feet between holes.  This spacing was used to 

avoid interference with clipping collection and image collection of the turf canopy.  Holes 

were cut using a Duich Ball Mark Plugger (Turf-Tec International, Tallahassee, Florida) 

(Figure 1). Holes were backfilled with clean, white cosmetic sand to simulate hollow-tine 

aerification holes back-filled with topdressing sand. 

  Clipping weights and digital images were obtained from each plot weekly for eight 

consecutive weeks beginning 1 week after initial treatment (WAIT). Clippings were collected 

using a Toro Greensmaster 1000 (The Toro Company, Minneapolis, Minnesota) with the 

bench height set at 3.7 mm. A single, 64-cm pass was made through each plot that did not 

overlap with simulation holes. Clippings were transferred to paper bags and placed in a dryer 

at 60  C for at least three days prior to weighing.  The entire experimental area was mowed 
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in the opposite direction of clipping collection each week after collection was completed. 

Clipping data was not obtained  for „Penn A-1‟ or „Penncross‟ for the first week of data 

collection in 2010. 

Prior to clipping collection, digital images were taken of simulated aerification holes 

using a light box equipped with an exclusion frame on the bottom that had a round 39 mm 

hole in the center of the frame (Figure 2).  The exclusion frame was painted dark blue to 

contrast with the green turf (Figure 3). Digital images of simulated aerification holes on 

„Penncross‟ in the first week of data collection in 2010 were omitted due to the presence of a 

colored dye incorporated with a maintenance application that temporarily stained sand in 

recovery holes. 

Following clipping collection and mowing, digital images of each plot were captured 

from the solid turf canopy in order to measure percent turf cover, hue, and DGCI.  Three 

pictures per subplot were collected in 2010 using the same lightbox and exclusion frame that 

was used for the simulated aerification holes (Figure 2).  In 2011, a different lightbox was 

utilized for collecting images of the turf canopy (Figure 4). This box was purchased from 

NexGen Turf Research (NexGen Turf Research, LLC. Albany, Oregon) that collected turf 

images measuring approximately 155 cm
2
.  This allowed for a larger portion of the plot area 

to be measured than with the lightbox and exclusion frame used in 2010.  One image per plot 

was collected of the turf canopy in 2011.  Digital images of the turf canopy of „Penn A-1‟ 

and „Penncross‟ on the first week of 2010 and 2011 were omitted from analysis due to an 

improper white balance setting. 
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All images were collected using a Nikon D70 camera and an AF-S MICRO NIKKOR 

105 mm lens (Nikon Corporation, Tokyo, Japan).  All images were collected using a shutter 

speed of 0.5 seconds and an aperture length of F36. White balance was preset using an 18% 

gray card (Camcor Inc., Burlington, North Carolina). An infrared remote control was used to 

release the camera shutter. 

The original image size collected was 6x10
6
 pixels. Each image was resized to 

427,466 pixels, numbered, and saved in the JPEG (joint photographic experts group, .jpg) 

format using Adobe Photoshop software (v. CS3, Adobe Inc., San Jose, CA).  Images were 

then processed using SigmaScan Pro (v. 5.0, SPSS, Inc., Chicago, IL 60611) and the framed 

image analysis macro developed by Dr. Karcher at the University of Arkansas (Karcher, 

personal communication).  This macro is similar to the percent cover analysis macro 

developed in Karcher and Richardson 2005, although it allows selection of two pairs of hue 

and saturation ranges, one for healthy, green turf and another for an exclusion frame 

(Karcher, personal communication). A sample set of images from a pilot study in 2009 was 

analyzed to determine the hue and saturation ranges that would select for healthy, green turf 

and the exclusion frame.  The percentage of green pixels (hue = 45 to 110; saturation = 0 to 

100) was measured in each image, and these values corresponded to healthy turf.  Values 

used are similar to the default values (hue = 45 to 100; saturation = 0-100) in the framed 

picture analysis macro, which are commonly used (Karcher, personal communication). The 

exclusion frame was selected using (hue = 130 to 200; saturation = 0 to 100), these values are 

similar to commonly used default exclusion frame values (hue = 130 to 230; saturation = 0 to 

100) and effectively selected pixels within the blue exclusion frame, while not selecting 
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pixels within the simulated aerification hole. Default values were determined by Dr. Karcher 

after analyzing a large collection of turf images and choosing ranges that would consistently 

select for healthy, green turf (Karcher, personal communication). Percent cover, average hue 

of pixels, and DGCI were selected from the macro output for analysis.  DGCI is a Dark 

Green Color Index developed by Dr. Karcher that is an indicator of dark green color, as the 

human eye would perceive it.  DGCI is derived from the following algorithm DGCI= [(H-

60)/60 + (1-S) +(1-B)]/3. Where H=hue, S=saturation, and B=brightness (Karcher 2003). 

Visual turf quality ratings were collected approximately 9 WAIT.  Visual quality was 

rated on a scale from 0 to 9 with 0 being bare ground or 100% dead turf, 5 being acceptable 

quality, and 9 being exceptional quality. 

Greenhouse experiments were conducted in the winter of 2010 and 2011.  These were 

arranged in the same fashion as the field experiments except that six replications were 

utilized rather than four, and plots consisted of a single Cone-tainer (Stuewe and Sons, Inc., 

Tangent, Oregon).   

 Cone-tainers (3.8-cm diameter) were filled with calcined clay to a level 

approximately 9.5 mm below the top of each Cone-tainer, and seeded with either „Penn A-1‟ 

or „Penncross‟ at a rate equivalent to 0.73 kg seed per 100 m
2
.  Seedlings were allowed to 

grow for approximately eight weeks before initial fungicide applications were made.  During 

the initial growth period, seedlings were fertilized weekly with 15.6 ml of a 50% Hoagland‟s 

solution (Hoagland and Snyder 1933). 

 Fungicides were applied in the first experiment to plants of both „Penn A-1‟ and 

„Penncross‟ on 21 Jan and 18 Feb.  Fungicides were applied in the second experiment to both 



 

 26 

„Penn A-1‟ and „Penncross‟ on 4 Mar and 1 Apr. Nitrogen was applied on a weekly basis 

following clipping collection except for when fungicides were applied on weeks 0 and 4.  

The nitrogen source used was diluted from 50% Hoagland‟s solution to yield nitrogen rates 

equivalent to 0, 0.03, or 0.06 kg N/100 m
2 

. 

 Clippings were collected weekly beginning 1 WAIT through 8 WAIT.  Clippings 

were collected by cutting the plants with scissors to a level even with the top of the Cone-

tainer, yielding a mowing height of approximately 9.5 mm.  After collection, clippings were 

placed into paper coin envelopes and dried in an oven at 60 C for at least three days prior to 

weighing. 

All data were subjected to ANOVA through SAS Statistical Software (SAS Inc., 

Cary, NC) using the GLM procedure, Dunnet‟s t-test to compare treated and untreated 

experimental units, and Waller-Duncan mean separation for multiple comparisons among 

treatments. 

 

RESULTS 

Influence of DMI Fungicides and Fertility Regime on ‘Penn A-1’ Creeping Bentgrass 

Percent Turf Cover in Simulated Aerification Holes According to Digital Image 

Analysis 

 According to analysis of variance (ANOVA) on percent turf cover (%TC) in 

simulated aerification holes, fungicide effects were significant on all weeks in 2010, while 

fertilizer effects were significant on weeks 2-8 and no significant fungicide*fertility 

interactions were detected (Table 3). 
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 When averaged across fertility treatments, triticonazole + pigment resulted in higher 

%TC than any other fungicide on weeks 1,5 and 6 of the eight week data collection period.  

Myclobutanil and triticonazole had %TC values similar to triticonazole + pigment on weeks 

2, 3, and 4.  Myclobutanil, triticonazole, and metconazole resulted in %TC values similar to 

untreated values on the first 7 weeks of data collection.  Fenarimol and flutriafol treated plots 

had %TC values similar to untreated values following the initial fungicide application.  

Following a second application, however, fenarimol and flutriafol %TC values were 

significantly lower than untreated values.  Propiconazole decreased %TC when compared to 

the untreated on all weeks except week 4.  Triadimefon decreased %TC when compared to 

the untreated on all weeks (Table 3).  When averaged across fertility treatments plots treated 

with metconazole, myclobutanil, triticonazole, triticonazole + pigment and the untreated had 

50% TC in simulated aerification holes by week 6.  All other plots had 50% TC by week 7 

(Table 3). 

When averaged across fungicide treatments, %TC was greatest in plots receiving 0.06 

kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on the last 6 weeks in 2010 

(Figure 6). Plots receiving 0.06 kg N/100 m
2 

had 50% TC on week 5 while those receiving 

0.03 kg N/100 m
2
 had 50% TC on week 6. Plots receiving no additional nitrogen never 

resulted in 50% TC (Figure 6). 

In 2011, significant fungicide*fertility interactions occurred on all weeks of data 

collection according to ANOVA on %TC in simulated aerification holes (Table 4).  

Significant differences in %TC among fungicide treatments occurred at the 0 fertility 

level, where triticonazole + pigment, metconazole, myclobutanil, tebuconazole, and flutriafol 
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resulted in higher %TC than the untreated on weeks 1-3, while all other fungicide treatments 

were similar to the untreated (Tables 5,6,7).  On weeks 4-8 all fungicides resulted in higher 

%TC than the untreated at the 0 fertility level, with the exception that triticonazole had 

similar values as the untreated on week 4 (Tables 8-12). At the 0 fertility level, plots treated 

with flutriafol, myclobutanil, tebuconazole, and triticonazole + pigment had at least 80% TC 

within the simulated aerification holes on week 5. Metconazole, propiconazole, and 

triadimefon resulted in at least 80% TC on week 6. Triticonazole resulted in at least 80% TC 

on week 7, and the untreated had at least 80% TC on week 8 (Tables 9-12). At the 0.03 kg 

N/100m
2
 rate, triticonazole + pigment was similar to the check on all weeks (Tables 5-12). 

On weeks 5, 7 and 8, triadimefon and propiconazole decreased %TC as compared to the 

untreated at the 0.03 kg N/100m
2
 rate. All other fungicides resulted in %TC values similar to 

the untreated (Tables 9,11,12). At the 0.06 kg N/100 m
2
 rate, all fungicide treatments had 

similar effects on %TC (Tables 5-12). 

Area Under the Crop Recovery Curve  

According to ANOVA, fungicide and fertilizer effects were significant for area under 

the crop recovery curve (AUCRC) in 2010, and no significant fungicide*fertility interactions 

were detected (Table 13). 

When averaged across fertility treatments, AUCRC data in 2010 showed results 

similar to %TC data. According to Waller-Duncan means separation, plots treated with 

triticonazole + pigment had significantly higher AUCRC values than all other treatments.  

Triticonazole, metconazole, and myclobutanil resulted in AUCRC values that were similar to 
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untreated values.  Propiconazole, fenarimol, flutriafol, and triadimefon resulted in lower 

AUCRC values than untreated values but were similar to one another (Figure 7). 

 When averaged across fungicide treatments, AUCRC was greatest in plots receiving 

0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen in 2010 (Figure 8). 

A significant fungicide*fertility interaction was detected in AUCRC data from 2011. 

AUCRC was lower for untreated plots than for all other treatments at the 0 fertility level.  All 

treatments except triticonazole had AUCRC values similar to the untreated at the 0.03 kg 

N/100 m
2
 level. At this fertility level, triticonazole had lower AUCRC values than the 

untreated, triticonazole + pigment, and flutriafol.  At the 0.06 kg N/100 m
2
 level all 

treatments had similar AUCRC values (Table 14). 

Clipping Weights of ‘Penn A-1’ 

 According to ANOVA on clipping weights, fungicide treatments significantly 

influenced clipping weights on weeks 2,3,5,6,7 and 8 in 2010, and fertilizer treatments 

significantly influenced clipping weights on weeks 5,6,7 and 8. No significant 

fungicide*fertility interactions were detected (Table 15). 

According to Waller-Duncan means separation, all fungicide treatments except 

flutriafol had higher clipping weights than the untreated on 3 out of the last 4 weeks, when 

averaged across fertility treatments. Propiconazole had similar clipping weights compared to 

triticonazole + pigment, myclobutanil and triticonazole on all weeks following a 2
nd

 

application. Propiconazole resulted in higher clipping weights than metconazole, flutriafol, 

and fenarimol on the last 2 weeks of data collection (Table 15). 
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When averaged across fungicide treatments, clipping weights were greatest in plots 

receiving 0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on the last 4 

weeks of data collection in 2010 (Figure 9). 

 According to ANOVA on clipping weights, fungicide effects were significant on 

weeks 2-8 in 2011, while fertilizer effects were significant on weeks 4-8, and no significant 

fungicide*fertility interactions were detected (Table 16). 

 According to Waller-Duncan means separation, triadimefon, flutriafol and 

myclobutanil had higher clipping weights than the untreated on weeks 4-8, when averaged 

across fertility treatments.  Triticonazole + pigment and propiconazole had higher clipping 

weights than the untreated on weeks 4,6,7 and 8. Triticonazole had similar values to 

untreated values on all but weeks 7 and 8, while metconazole had similar values as the 

untreated on all but week 5, and tebuconazole resulted in values similar to untreated values 

on all weeks. Propiconazole and myclobutanil resulted in higher clipping weights than all 

other treatments on week 4, higher than all but flutriafol and triadimefon on week 6, and 

higher than all but triadimefon on weeks 7 and 8 (Table 16). 

When averaged across fungicide treatments, clipping weights were greatest in plots 

receiving 0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on the last 5 

weeks in 2011 (Figure 10). 

Visual Quality Ratings of ‘Penn A-1’ 

 According to ANOVA on visual quality data, fungicide and fertilizer effects were 

significant in 2010 and 2011, and no significant fungicide*fertilizer interactions were 

detected (Tables 17,18). 
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 When averaged across fertility treatments in 2010, untreated plots exhibited the 

highest visual quality although plots treated with triticonazole + pigment, metconazole, and 

fenarimol exhibited similar visual quality to the untreated according to Waller-Duncan means 

separation.  All other fungicides resulted in visual quality values lower than untreated values.  

Triadimefon resulted in lower visual quality than all fungicides except propiconazole, 

flutriafol, and triticonazole, which were similar. All plots exhibited visual quality levels 

below an acceptable level of 5 (Figure 11). 

When averaged across fungicide treatments, visual quality was greatest in plots 

receiving 0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen in 2010 

(Figure 12). 

 When averaged across fertility treatments in 2011, untreated plots exhibited the 

highest visual quality according to Waller-Duncan means separation.  Metconazole, 

tebuconazole, and triticonazole + pigment resulted in quality values similar to untreated 

values.  Propiconazole resulted in lower visual quality than all fungicides except for flutriafol 

and myclobutanil which were similar.  All plots exhibited visual quality levels at or above an 

acceptable level of 5 except myclobutanil, propiconazole, flutriafol, and triadimefon (Figure 

13). 

 When averaged across fungicide treatments, visual quality was highest for plots 

receiving 0.06 kg N/100 m
2
 and equal to plots receiving 0.03 kg N/100 m

2
 and 0 additional 

nitrogen in 2011 (Figure 14).  
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 ‘Penn A-1’ Turf Quality According to Digital Image Analysis 

 According to ANOVA on percent quality turf (%QT), fungicide effects were 

significant on weeks 2-8 in 2010, and fertilizer effects were significant on weeks 3-8, while 

fungicide*fertility interactions were detected on weeks 4,6,7 and 8 (Table 19). 

 According to Waller-Duncan means separation, triticonazole +pigment resulted in 

%QT values higher than untreated values on weeks 2,5 and 6, while having similar %QT 

values to untreated values on weeks 3,4,7 and 8 when averaged across fertility treatments.  

Triticonazole resulted in similar %QT values to untreated values on weeks 2,3,4,5,7 and 8.  

Myclobutanil resulted in similar %QT values to untreated values on weeks 2-6, while values 

were lower than the untreated on the last two weeks.  Metconazole treated plots exhibited 

%QT values similar to the untreated on weeks 3,4,5 and 8 while values were lower than the 

untreated on the weeks 6 and 7 and higher on week 2.  Fenarimol had values similar to 

untreated values on weeks 2,4 and 5, while resulting in lower %QT values than untreated 

values on weeks 3,6,7 and 8.  Triadimefon treated plots exhibited %QT values lower than the 

untreated on the last 6 weeks of data collection.  Propiconazole decreased %QT when 

compared to the untreated on week 3 (Table 19). 

 When fungicide*fertility interactions were present, increasing fertility level to the 

0.03 kg N/100 m
2
 rate resulted in %QT values associated with fungicides that were similar to 

untreated values on weeks 4 and 8 according to Waller-Duncan means separation (Tables 

20,23). On weeks 6 and 7, fenarimol treated plots exhibited %QT values lower than the 

untreated at the 0.03 kg N/100 m
2
 fertility level.  Propiconazole resulted in lower %QT 

values than untreated values on weeks 6 and 7 at the 0.06 kg N/100 m
2
 level (Tables 21,22).  



 

 33 

Myclobutanil resulted in lower %QT values than untreated values at the 0 additional nitrogen 

level on all weeks when interactions were present (Tables 20-23). Fenarimol decreased %QT 

values compared to the untreated at the 0 additional nitrogen level on weeks 6-8 (Tables 

21,22,23). 

When averaged across fungicide treatments, %QT was greatest in plots receiving 0.06 

kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 3 and 5 in 2010 

(Figure 15). 

 According to ANOVA on %QT, fungicide effects were significant on weeks 4,6,7 

and 8 in 2011, while fertilizer effects were significant on weeks 2,3,4,7 and 8, and no 

significant fungicide*fertility interactions were detected (Table 24). 

 According to Waller-Duncan means separation all fungicide treatments resulted in 

similar %QT values to untreated values with the exception that on week 6 metconazole, 

flutriafol, tebuconazole, and triticonazole + pigment increased %QT compared to the 

untreated, and on weeks 4 and 7 triticonazole + pigment increased %QT in relation to the 

untreated when averaged across fertility treatments (Table 24). 

When averaged across fungicide treatments, %QT of the turf canopy was greatest in 

plots receiving 0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on 

weeks 2,3,4,7 and 8 in 2011 (Figure 16). 

‘Penn A-1’ Color According to Digital Image Analysis 

 In 2010, fungicides significantly influenced hue values on weeks 2,5,6,7 and 8, while 

fertilizer affected hue significantly on weeks 3-8. No significant fungicide*fertility 

interactions were detected in 2010 according to ANOVA (Table 25). 
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 According to Waller-Duncan means separation, triticonazole + pigment resulted in 

hue values higher than all other fungicides on week 2, when averaged across fertility 

treatments. On this week, all other treatments were similar to the untreated except 

triadimefon which was lower. On the fifth week, triticonazole + pigment resulted in higher 

hue values than any other treatment.  Triadimefon decreased hue compared to the untreated 

while all other treatments except triticonazole + pigment were similar to the untreated.  On 

all weeks following the second fungicide application, triadimefon had lower hue values than 

the untreated and triticonazole + pigment. Flutriafol decreased hue values when compared to 

the untreated on weeks 6,7 and 8 (Table 25). 

 When averaged across fungicide treatments, hue was greatest in plots receiving 0.06 

kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on the last 6 weeks in 2010 

(Figure 17). 

 In 2011, fungicides significantly influenced hue values on weeks 4,5 and 6 according 

to ANOVA, while fertilizer significantly affected hue on weeks 2-8. No significant 

fungicide*fertility interactions were detected (Table 26). 

 According to Waller-Duncan means separation triticonazole + pigment and 

myclobutanil resulted in higher hue values than triadimefon, tebuconazole, and flutriafol on 

week 4 when averaged across fertility treatments.  Triticonazole + pigment resulted in hue 

values higher than any other treatment on week 5.  On week 6 triticonazole + pigment and 

myclobutanil increased hue in relation to the untreated, and triticonazole + pigment resulted 

in higher hue values than triadimefon (Table 26). 
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When averaged across fungicide treatments, hue was greatest in plots receiving 0.06 

kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 2-8 in 2011 

(Figure 18). 

 According to ANOVA on dark green color index (DGCI), fungicide effects were 

significant on weeks 2,5,6,7 and 8 during 2010, fertilizer effects were significant on weeks 3-

8, and a significant fungicide*fertility interaction was detected on week 5 (Table 27). 

 On week 2, triticonazole + pigment resulted in significantly higher DGCI values than 

any other treatment when averaged across fertility treatments. On weeks 6 and 7, 

propiconazole increased DGCI to levels similar only to triticonazole + pigment and 

metconazole.  Propiconazole resulted in higher DGCI values than flutriafol, triadimefon, 

triticonazole, and metconazole, while being similar to all other treatments on week 8 (Table 

27). 

When averaged across fungicide treatments, DGCI was greatest in plots receiving 

0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 3,4,6,7 and 8 

in 2010 (Figure 19). 

 Fungicides significantly influenced DGCI on weeks 4,5 and 6 in 2011 according to 

ANOVA, while fertilizer effects were significant on weeks 2-8, and no significant 

fungicide*fertility interactions were detected (Table 28). 

 On week 4 all fungicides affected DGCI similarly, except for triticonazole + pigment 

which resulted in higher values when averaged across fertility treatments.  Triticonazole + 

pigment resulted in higher DGCI values than any other treatment on week 5.  Untreated plots 
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exhibited lower DGCI values than all treatments except triadimefon and tebuconazole on 

week 6 (Table 28). 

When averaged across fungicide treatments, DGCI was greatest in plots receiving 

0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen in weeks 2-8 in 2011 

(Figure 20). 

Influence of DMI Fungicides and Fertility Regime on ‘Penncross’ Creeping Bentgrass 

Percent Turf Cover in Simulated Aerification Holes According to Digital Image 

Analysis 

 According to ANOVA on percent turf cover (%TC), fungicide effects were 

significant on weeks 5,6 and 8 during 2010, while fertilizer effects were significant on weeks 

2-8. No significant fungicide*fertility interactions were detected in 2010 (Table 29). 

 When averaged across fertility treatments, triticonazole + pigment resulted in higher 

%TC than any other treatment, while triadimefon resulted in lower values than all treatments 

except metconazole according to Waller-Duncan means separation on week 5.  All 

treatments except triticonazole + pigment and triadimefon had values similar to the untreated. 

On week 6 %TC values associated with all fungicide treatments were similar to the untreated 

except triadimefon, which decreased %TC in relation to the untreated.  Myclobutanil, 

metconazole, fenarimol and propiconazole had values similar to the untreated and 

triadimefon, while all other treatments were similar to the untreated but higher than 

triadimefon.  On week 8 triadimefon decreased %TC when compared to the untreated.  

Myclobutanil and fenarimol had %TC values similar to both the untreated and triadimefon, 

while all other treatments resulted in higher %TC than triadimefon (Table 29). All fungicide 
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treatments except triadimefon resulted in at least 70% TC on week 7.  Triadimefon did not 

result in 70% TC during the eight weeks of data collection (Table 29).  

When averaged across fungicide treatments, %TC in simulated aerification holes was 

greatest in plots receiving 0.06 kg N/100 m
2
 and lowest in plots receiving no additional 

nitrogen on weeks 2-8 in 2010 (Figure 21). Plots receiving 0.06 kg N/100 m
2 

had 70% TC on 

week 6 while those receiving 0.03 kg N/100 m
2
 had 70% TC on week 7. Plots receiving no 

additional nitrogen never resulted in 70% TC (Figure 21). 

In 2011, %TC in simulated aerification holes, fungicide effects were significant on 

weeks 5,6,7 and 8, while fertilizer effects were significant on all weeks. Significant 

fungicide*fertility interactions were detected on weeks 5,6,7 and 8 (Table 30). 

 On weeks 5 and 6, all fungicides had similar %TC values as the untreated at the 0.03 

kg N/ 100m
2
 and 0.06 kg N/100 m

2
 fertility levels, while at the 0 fertility level triticonazole + 

pigment had higher and metconazole significantly lower values than the untreated (Tables 

31,32). On weeks 7 and 8, all fungicides had similar %TC values as the untreated at the 0 

fertility level except triticonazole + pigment which resulted in values higher than untreated 

values (Tables 33,34).  At the 0.03 kg N/ 100m
2 

fertility level the untreated values were 

lower than all other fungicide treatments on week 7 except myclobutanil and flutriafol which 

were similar to the untreated.  At the 0.06 kg N/100 m
2
 fertility level, triticonazole + 

pigment, triticonazole, metconazole and tebuconazole increased %TC on week 7 when 

compared to the untreated, while all other fungicides were similar to the untreated (Table 33).  

On week 8 untreated %TC values were lower than all other fungicide treatments at the 0.06 

kg N/100 m
2
 fertility level, while triadimefon and flutriafol resulted in lower values when 
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compared to all treatments except the untreated and myclobutanil (Table 34). Only plots 

treated with tebuconazole and triticonazole + pigment resulted in 80% TC on week 5, while 

all plots had at least 80% TC on week 6 (Table 30). 

When averaged across fungicide treatments, %TC in simulated aerification holes was 

greatest in plots receiving 0.06 kg N/100 m
2
 and lowest in plots receiving no additional 

nitrogen on weeks 2-4 in 2011 (Figure 22). Plots receiving 0.06 kg N/100 m
2 

had 80% TC on 

week 5 while those receiving 0.03 kg N/100 m
2
 had 80% TC on week 6. Plots receiving no 

additional nitrogen resulted in 80% TC on week 7 (Figure 22). 

Area Under the Crop Recovery Curve 

 According to ANOVA on area under the crop recovery curve (AUCRC) fungicide 

and fertilizer effects were significant during 2010, and no significant fungicide*fertility 

effects were detected (Table 35).  

When averaged across fertility treatments, triadimefon significantly reduced AUCRC 

compared to the untreated.  All fungicide treatments exhibited similar AUCRC, except 

triadimefon which was similar only to metconazole, myclobutanil, fenarimol and flutriafol 

(Figure 23). 

When averaged across fungicide treatments, AUCRC was greatest in plots receiving 

0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen in 2010 (Figure 24). 

According to ANOVA on AUCRC a significant fungicide*fertility interaction was 

detected in 2011. (Table) Differences between fungicide treatments only occurred at the 0 

fertility level, where triticonazole + pigment resulted in higher AUCRC values than all 

treatments except flutriafol, and metconazole resulted in lower AUCRC values than all 
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treatments except myclobutanil and triadimefon.  All treatments except triticonazole + 

pigment and metconazole affected AUCRC in a similar manner.  At the 0.03 kg N/ 100m
2
 

and 0.06 kg N/100 m
2
 fertility levels, fungicide treatments had no significant effect on 

AUCRC (Table 36). 

Clipping Weights of ‘Penncross’ 

 In 2010, fungicides significantly affected clipping weights on weeks 7 and 8 

according to ANOVA, while fertilizer significantly influenced clipping weights on weeks 

5,6,7 and 8. No significant fungicide*fertility interactions were detected (Table 37). 

 When averaged across fertility levels, all treatments resulted in clipping weights 

similar to untreated weights on week 7 according to Waller-Duncan means separation.  On 

the last week, propiconazole and myclobutanil increased clipping weights in relation to the 

untreated, while all other treatments were similar to the untreated (Table 37). 

When averaged across fungicide treatments, clipping weights were greatest in plots 

receiving 0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on the last 

four weeks in 2010 (Figure 25). 

 In 2011, fungicide effects were significant on weeks 2,3,4,6,7 and 8, fertilizer effects 

were significant on weeks 2-8, and no significant fungicide*fertility interactions were 

detected (Table 38). 

 When averaged across fertility levels, propiconazole increased clipping weights 

compared to the untreated on weeks 3,6,7 and 8 according to Waller-Duncan means 

separation.  Flutriafol increased clipping weights in relation to the untreated on weeks 3,6 

and 7 while myclobutanil had higher weights than the untreated on weeks 7 and 8.  
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Propiconazole resulted in higher clipping weights than all other treatments on the last week.  

Propiconazole resulted in higher clipping weights than all other fungicides except flutriafol 

on week 3 and higher than all but flutriafol and myclobutanil on weeks 6 and 7 (Table 38). 

When averaged across fungicide treatments, clipping weights were greatest in plots 

receiving 0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 2-8 

in 2011 (Figure 26). 

Visual Quality Ratings of ‘Penncross’ 

 According to ANOVA on visual quality, fungicide and fertilizer effects were 

significant in 2010, and no significant fungicide*fertility interactions were detected (Table 

39). 

 When averaged across fertility levels, all plots exhibited visual quality below an 

acceptable level of 5. Untreated plots exhibited the highest quality but were not significantly 

different from triticonazole + pigment, metconazole, myclobutanil, triticonazole, fenarimol 

and flutriafol.  Triadimefon and propiconazole significantly reduced visual quality compared 

to the untreated (Figure 27). 

When averaged across fungicide treatments, visual quality was greatest in plots 

receiving 0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen in 2010 

(Figure 28). 

According to ANOVA on visual quality, fungicide and fertilizer effects were 

significant during 2011, and no significant fungicide*fertility interactions were detected 

(Table 40). 
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 When averaged across fertility levels, all plots exhibited visual quality below an 

acceptable level of 5. According to Waller-Duncan means separation, only metconazole and 

tebuconazole significantly increased turf quality compared to the untreated (Figure 29). 

When averaged across fungicide treatments, visual quality was greatest in plots 

receiving 0.03 kg N/ 100m
2
 and lowest in plots receiving no additional nitrogen in 2011 

(Figure 30). 

 ‘Penncross’ Turf Quality According to Digital Image Analysis 

 According to ANOVA on percent quality turf (%QT), fungicide effects were 

significant on weeks 2,3,5,6 and 8 during 2010, fertilizer effects were significant on weeks 2-

8, and no significant fungicide*fertility interactions were detected (Table 41). 

 When averaged across fertility levels, fenarimol significantly reduced %QT compared 

to the untreated on weeks 2 and 3.  Triadimefon and propiconazole reduced %QT compared 

to the untreated on week 3 but had no effect on all other weeks.  Fenarimol, triadimefon and 

propiconazole did not affect %QT on week 6, while all other treatments increased %QT 

when compared to the untreated on this week.  Triticonazole + pigment resulted in higher 

values than triadimefon on all weeks when significant fungicide effects were detected.  

Fenarimol resulted in lower quality values than triticonazole + pigment on weeks 2,3,6 and 8 

while propiconazole resulted in lower quality values than triticonazole + pigment 3,5,6 and 8 

(Table 41). 

When averaged across fungicide treatments, %QT was greatest in plots receiving 0.06 

kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 2-8 in 2010 

(Figure 31). 
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 According to ANOVA on %QT, fungicide effects were significant on weeks 3,4,5,6,7 

and 8 during 2011, fertilizer effects were significant on weeks 3,4,6 and 8, and no significant 

fungicide*fertility interactions were detected (Table 42). 

 When averaged across fertility levels, triadimefon decreased %QT in relation to the 

untreated on week 3.  On week 4 the untreated, myclobutanil, and triadimefon had lower 

%QT values than all treatments except propiconazole.  On week 5, triadimefon and 

myclobutanil decreased %QT when compared to all treatments except the untreated and 

flutriafol.  On this week, triticonazole + pigment and tebuconazole increased %QT when 

compared to all treatments except metconazole. Untreated plots exhibited lower %QT values 

than all other treatments on week 6.  Triticonazole + pigment and tebuconazole resulted in 

higher values than triadimefon, propiconazole, myclobutanil and the untreated.  On the 

weeks 7 and 8, untreated plots had lower values than all treatments except myclobutanil 

(Table 42). 

When averaged across fungicide treatments, %QT was greatest in plots receiving 0.06 

kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 3,4,6 and 8 in 

2011 (Figure 32). 

‘Penncross’ Color According to Digital Image Analysis 

 In 2010 fungicides significantly influenced hue values only on the last week 

according to ANOVA.  Fertilizer significantly affected hue on weeks 2-8, and no significant 

fungicide*fertility interactions were detected (Table 43). 

  When averaged across fertility levels, propiconazole resulted in significantly higher 

hue values than all other treatments on week 8.  Fenarimol resulted in lower values than 
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metconazole or triticonazole, while all other treatments were similar to metconazole, 

triticonazole and fenarimol (Table 43). 

When averaged across fungicide treatments, hue was greatest in plots receiving 0.06 

kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 2-8 in 2010 

(Figure 33). 

 In 2011, fungicide effects on hue were significant on weeks 2,5,6,7 and 8, while 

fertilizer effects were significant on weeks 3-8 and no significant fungicide*fertility 

interactions were detected (Table 44). 

 When averaged across fertility levels, triticonazole + pigment resulted in higher hue 

values than metconazole and triadimefon on week 2 according to Waller-Duncan means 

separation.  On week 5, all treatments had similar hue values to the untreated except 

triticonazole + pigment and tebuconazole which were higher. All treatments except 

metconazole, flutriafol and triadimefon had higher hue values than the untreated on week 6.  

On week 7, all treatments had significantly higher hue values than the untreated except 

flutriafol which was similar.  All treatments increased hue to values higher than flutriafol 

except the untreated, triadimefon and myclobutanil.  On the last week, all treatments had 

higher hue values than the untreated except flutriafol and myclobutanil.  All treatments had 

higher hue values than flutriafol except myclobutanil and the untreated (Table 44). 

When averaged across fungicide treatments, hue was greatest in plots receiving 0.06 

kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 3-8 in 2011 

(Figure 34). 
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 According to ANOVA on dark green color index (DGCI), fungicide effects were 

significant on weeks 6,7 and 8 during 2010, fertilizer effects were significant on weeks 2-8, 

and no significant fungicide*fertility interactions were detected (Table 45). 

 According to Waller-Duncan means separation triticonazole, triadimefon, and 

propiconazole resulted in DGCI values that were significantly higher than untreated values 

on week 6 when averaged across fertility treatments. On this week all other values were 

similar to the untreated. On week 6 propiconazole and triticonazole resulted in higher values 

than metconazole, while propiconazole also had higher values than fenarimol.  On the 7
th

 

week, plots treated with propiconazole had higher DGCI values than all treatments except 

fenarimol and the untreated.  Propiconazole resulted in higher DGCI values than all other 

treatments on the last week while fenarimol and flutriafol had values that were also lower 

than myclobutanil (Table 45). 

When averaged across fungicide treatments, DGCI was greatest in plots receiving 

0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 2-8 in 2010 

(Figure 35). 

 In 2011, fungicide effects on DGCI were significant on weeks 5,6,7 and 8, fertilizer 

effects were significant on weeks 3-8, and no significant fungicide*fertility interactions were 

detected (Table 46). 

 When averaged across fertility levels on week 5, triticonazole + pigment significantly 

increased DGCI compared to the untreated.  On week 6, plots treated with myclobutanil, 

tebuconazole and propiconazole had higher DGCI values than the untreated while all other 

treatments had similar values to the untreated.  On the 7
th 

and 8
th

 weeks, all treatments 
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resulted in higher values than those of the untreated, except flutriafol which was similar to 

the untreated.  On week 8, tebuconazole also had DGCI values that were significantly higher 

than triadimefon, flutriafol, myclobutanil and the untreated (Table 46). 

When averaged across fungicide treatments, DGCI was greatest in plots receiving 

0.06 kg N/100 m
2
 and lowest in plots receiving no additional nitrogen on weeks 3-8 in 2011 

(Figure 36). 

Influence of DMI Fungicides and Fertility Regime on Foliar Growth of ‘Penn A-1’ and 

‘Penncross’ Creeping Bentgrass in Greenhouse Studies 

‘Penn A-1’ Creeping Bentgrass 

 According to ANOVA on clipping weights, fungicide effects were significant on 

weeks 1,2,3 and 6 during the first experiment, while fertilizer effects were significant on 

weeks 2-8, and a significant fungicide*fertility interaction was detected on week 5 (Table 

47). 

 When averaged across fertility levels, all fungicides exhibited clipping weights 

similar to the untreated on week 1, except propiconazole which decreased clipping weights. 

All treatments had similar clipping weights to the untreated on week 2 except fenarimol and 

triadimefon which had higher weights than the untreated.  On week 3 fenarimol resulted in 

clipping weights higher than untreated weights while all other treatments were similar to the 

untreated.  On this week, propiconazole treated experimental units produced clipping weights 

similar to both the untreated and fenarimol. On week 6, fungicide treatments neither 

increased or decreased clipping weights compared to the untreated.  On this week, 

propiconazole significantly reduced clipping weights compared to triadimefon and 
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triticonazole.  Triadimefon increased clipping weights compared to propiconazole and 

tebuconazole (Table 47). 

When averaged across fungicide treatments, clipping weights were greatest in 

experimental units receiving 0.06 kg N/100 m
2
 and lowest in units receiving no additional 

nitrogen on weeks 2,3,4,6,7and 8 in the first experiment (Figure 37). 

 During the second experiment, fungicide effects on clippings weights were significant 

on week 5, while fertilizer effects were significant on weeks 2-8, and no significant 

fungicide*fertility interactions were detected (Table 48). 

 According to Waller-Duncan means separation, fungicides did not influence clipping 

weights as compared to the untreated when averaged across fertility treatments.  Flutriafol 

resulted in a higher clipping weight than fenarimol, propiconazole, and triticonazole.  All 

treatments except for flutriafol and triticonazole + pigment had similar values to fenarimol 

(Table 48). 

When averaged across fungicide treatments, clipping weights were greatest in 

experimental units receiving 0.06 kg N/100 m
2
 and lowest in units receiving no additional 

nitrogen on weeks 2-8 in the second experiment (Figure 38). 

‘Penncross’ Creeping Bentgrass 

 According to ANOVA on clipping weights, fungicide effects were significant on 

weeks 1,2 and 5 during the first experiment, while fertilizer effects were significant on weeks 

1-8, and no significant fungicide*fertility interactions were detected (Table 49). 

When averaged across fertility levels, all fungicides exhibited clipping weights 

similar to the untreated on week 1, except for myclobutanil which increased clipping 
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weights.  Myclobutanil also had a higher clipping weight than all treatments except 

triticonazole, flutriafol, and triadimefon.  On week 2, fenarimol, triadimefon, and flutriafol 

had higher clipping weights than the untreated while all other treatments were similar to the 

untreated.  On week 5, all treatments exhibited clipping weights similar to the untreated 

except myclobutanil, fenarimol and triadimefon which had significantly higher clipping 

weights (Table 49). 

When averaged across fungicide treatments, clipping weights were greatest in 

experimental units receiving 0.06 kg N/100 m
2
 and lowest in units receiving no additional 

nitrogen on all weeks in experiment 1 (Figure 39). 

According to ANOVA on clipping weights, fungicide effects were not significant 

during the second experiment, while fertilizer effects were significant on weeks 2-8, and no 

significant fungicide*fertility interactions were detected (Table 50).  

When averaged across fungicide treatments, clipping weights were greatest in 

experimental units receiving 0.06 kg N/100 m
2
 and lowest in units receiving no additional 

nitrogen on weeks 2-8 in experiment 2 (Figure 40). 

 

DISCUSSION 

 Demethylation inhibiting fungicides (DMIs) affected recovery of turf into aerification 

holes.  Differences were observed among the DMIs tested in recovery time and the nature of 

the effect.  Triticonazole + pigment stimulated recovery after aerification when compared to 

the untreated.  Turf treated with triticonazole + pigment tended to reach selected percent 

recovery thresholds in simulated aerification holes about 1 week sooner than the untreated. 
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This was evident in field experiments during both 2010 and 2011 and on both cultivars 

„Penncross‟ and „Penn A-1‟.   

The stimulatory effect of triticonazole + pigment on recovery can almost certainly be 

attributed to the pigment incorporated with this fungicide since stimulation was not detected 

with triticonazole alone. This incorporated pigment is Pigment Green 7 (chlorinated copper 

phthalocyanine)(Bartley 2011), which is more commonly known in the turf industry as 

StressGard. The protective qualities of this pigment are not fully understood but it is likely 

that protection stems at least in part from the pigment‟s ability to absorb UV-blue light that 

causes photoinhibition (Levinson, Berdahl and Akbari 2005 a; Levinson, Berdahl and Akbari 

2005 b).  Photoinhibition is a product of chloroplasts being damaged by heat created by UV-

blue light, resulting in poor photosynthetic efficiency (Bartley 2011).   

Jin et al. 2011 discovered that a low thermal conductivity existed between copper 

phthalocianine and metal.  This is indicative of a thermal boundary between the two.  Since 

plant leaves possess a lower thermal conductivity than metals (Dixon and Grace 1983), it is 

probable that the thermal boundary between the StressGard pigment and creeping bentgrass 

leaves allows the pigment to absorb harmful UV-blue light, without transferring the heat to 

the leaves thereby protecting the plant from heat related stress, maintaining photosynthetic 

efficiency, and resulting in an overall healthier plant that is able to more rapidly recover from 

hollow-tine aerification.   

Huang and Liu 2009 reported higher canopy photosynthetic rates, improved heat 

tolerance, and a suppression of heat-related turf quality decline when turf was treated with 

pigmented fosetyl aluminum versus untreated turf or turf treated with unpigmented fosetyl 
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aluminum.  These observations support the conclusion that the pigment found in triticonazole 

+ pigment results in healthier turf that may be able to recover from hollow-tine aerification at 

a faster rate than untreated turf. 

Following a second application, triadimefon and propiconazole inhibited recovery 

into aerification holes on „Penn A-1‟ in both study years. Recovery of turf into simulated 

aerification holes treated with triadimefon or propiconazole tended to reach selected recovery 

percentages about 1 to 2 weeks after those receiving other treatments. Previous research also 

showed that DMI fungicides can induce growth regulating effects on plants (Leopold 1971; 

Coolbaugh and Hamilton 1976; Shive and Sisler 1976; Coolbaugh et al. 1982a).   

Across both study years and cultivars, increasing nitrogen rates led to faster recovery 

into aerification holes, this is similar to results found by McCullough (2006).  Increasing 

weekly nitrogen rates from 0.03 kg N/100 m
2
 to 0.06 kg N/100 m

2
 tended to result in turf 

recovering to selected percent thresholds within simulated aerification holes about 1 week 

sooner. 0 additional nitrogen applied tended to drastically reduce the time required for turf to 

recover to selected percent thresholds.  Often, recovery within these plots never reached the 

selected thresholds during the eight week data collection period. When fungicide*fertility 

interactions were present growth retardation caused by DMIs was more pronounced at the 0 

additional nitrogen level, while differences between fungicide inhibited recovery was less 

apparent at the 0.03 kg N/100 m
2
 and almost non-existent at the 0.06 kg N/100 m

2
 level. This 

shows that increasing nitrogen allowed creeping bentgrass to compensate for the detrimental 

effects on recovery caused by DMI fungicides.  
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Inhibitory effects on recovery among fungicides at the 0.06 kg N/100 m
2
 level were 

limited to triadimefon on „Penncross‟ in 2011 following a second application.  Turf treated 

with triadimefon and propiconazole required higher levels of nitrogen to compensate for 

negative effects on recovery than turf treated with the other DMI‟s.  Turf treated with 

metconazole was highly responsive to additional nitrogen, as these plots often exhibited very 

poor recovery at the 0 additional nitrogen level when compared to the untreated and other 

DMI fungicides while having recovery values that were as high as or higher than those 

associated with other treatments at the 0.03 kg N/100 m
2
 and 0.06 kg N/100 m

2
 rates.   

A second application of DMI fungicides was required for differences among 

treatments to become apparent on „Penncross‟ in both study years.  This indicates that 

„Penncross‟ is more tolerant to growth inhibiting effects of DMI fungicides than „Penn A-1‟. 

„Penncross‟ had recovery rates associated with all DMIs about 15% higher than „Penn A-1‟ 

during both study years.  „Penncross‟ plots tended to reach selected percent recovery 

thresholds about 1 week sooner than „Penn-A1‟ plots. This is in agreement with the Jones 

and Christians (2009) study that showed a faster divot recovery potential of „Penncross‟ 

when compared to „Penn-A4‟ a similar cultivar to „Penn-A1‟.   

Higher recovery rates associated with „Penncross‟ were almost certainly due to longer 

internode lengths of „Penncross‟ when compared to „Penn A-1‟, and this may be a reason 

why „Penncross‟ was more tolerant to detrimental effects on recovery associated with the 

DMIs. Turf reached selected percent thresholds about 1 week faster in 2011 than in 2010 on 

both cultivars, this shows that detrimental effects associated with DMI fungicides can vary 
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from year to year. Area Under the Crop Recovery Curve (AUCRC) data confirmed findings 

associated with recovery data on a weekly basis.   

Future research should include repetition of a similar study on other popular cultivars 

to determine how effects of DMIs compare and contrast to those seen in this study.  Also, 

examination of other factors such as growing conditions, tine diameter, timing of aerification 

and fungicide application, nitrogen source and other cultural practices that might influence 

the degree of detrimental effects associated with DMI fungicide use could prove useful.   

Thirdly, more in-depth studies on the stimulatory effects associated with triticonazole 

+ pigment could prove helpful in the quest to develop DMI fungicide formulations that do 

not influence turf in a negative manner.  Acquisition and experimentation with the pigment in 

the absence of triticonazole would be imperative for the accurate measurement of stimulatory 

effects.   

Superintendents can utilize the information gained from this study and future research 

to make more informed decisions regarding the selection of DMI fungicide(s) used to control 

fairy ring during aerification recovery periods.  Superintendents should expect turf recovery 

to be about 1-2 weeks slower when turf is treated with triadimefon or propiconazole when 

compared to untreated turf.  Conversely, a superintendent can expect about 1 week faster 

recovery of turf treated with triticonazole + pigment when compared to untreated turf.  Also, 

a superintendent can expect to hasten turf recovery from hollow-tine aerification by at least 1 

week if they are willing to apply 0.06 kg N/100 m
2
 rather than 0.03 kg N/ 100 m

2
 or from an 

even lower rate. In addition superintendents should plan for about 1 week slower recovery of 
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„Penn-A1‟ turf  than „Penncross‟ turf, although weather conditions will likely play a large 

role in recovery rate of either cultivar. 

 Clippings data showed that differences among plots in field experiments treated with 

DMI fungicides were inconsistent until after a second application.  Following a second 

application propiconozole tended to stimulate vertical growth. Similar results have been 

found in other studies that examined effects of propiconazole on vertical growth (Goatley 

and Schmidt, 1990a; Wulster et al., 1987). Myclobutanil and flutriafol also tended to increase 

vertical growth following a second application, although these effects were less apparent than 

those associated with propiconazole.  

Since N heterocyclic growth retardants have been shown to increase levels of cytokinins by 

shifting assimilates to the roots (Fletcher 1999; Grossman 1992), this could be a reason why 

propiconazole, myclobutanil and flutriafol increased vertical growth. Differences among 

DMI treatments in this regard may stem from slightly different points of inhibition in the 

conversion of ent-kaurene to ent-kaurenoic acid in the gibberellin biosynthesis pathway. 

Differing chemical structures among the DMIs may allow for more or less shifting of 

assimilates to the roots depending on how soon this conversion is inhibited. The stimulation 

of vertical growth on a putting green is a negative side effect of these fungicides that might 

require a golf-course superintendent to employ more mowing and/or rolling after these 

fungicides have been applied, to maintain satisfactory green speeds.   

Differences in vertical growth associated with increasing nitrogen rates tended to 

become apparent during the latter collection dates.  This suggests that there is either a longer 

period of time required for nitrogen to influence vertical growth than lateral growth or that 
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methods used to evaluate lateral growth were more precise than those used to detect vertical 

growth. 

 In greenhouse studies, clipping weights produced less conclusive evidence about 

vertical growth than was observed in field studies.  Greenhouse studies showed that 

fenarmiol tended to result in higher vertical growth than the untreated when fungicide effects 

were significant.  Myclobutanil, triadimefon and flutriafol also tended to increase vertical 

growth over other treatments although to a lesser extent than did fenarimol.  

In greenhouse studies, fertilizer tended to more often result in significant effects on vertical 

growth than did fungicides, where increasing nitrogen rates increased vertical growth. Since 

differences in clipping weights associated with fungicides was more limited in greenhouse 

studies than field studies, evidence is provided that growing conditions such as temperature, 

light sources and amounts, mowing frequency, and growing medium may have influenced 

the effects on vertical growth seen with DMI fungicide use.  Age of plants could also be a 

factor that influenced effects on vertical growth associated with the DMIs.  

 Myclobutanil, propiconazole, flutriafol, and triadimefon consistently resulted in 

visual quality values below an acceptable level of 5 across both cultivars and study years. 

This indicates that these fungicides had a negative impact on visual quality, which is in 

agreement with the Elliott (1995) findings, although flutriafol was not included in Elliott‟s 

study. Metconazole resulted in  visual quality values that were similar to the untreated during 

both experiments on „Penn A-1‟ and in 2010 on „Penncross‟. Tebuconazole, utilized only in 

2011, resulted in  similar visual quality values to the untreated on „Penn A-1‟ in 2011 while 

resulting in values higher than all treatments except metconazole on „Penncross‟ in 2011.  
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Elliott (1999) showed similar results in that tebuconazole did not significantly reduce 

bermudagrass quality. Fenarimol, utilized only in 2010, resulted in similar values to the 

untreated on both cultivars. Triticonazole + pigment consistently resulted in similar visual 

quality values to the untreated across both cultivars and study years.  These data indicate that 

metconazole, tebuconazole, fenarimol and triticonazole + pigment did not negatively impact 

visual quality.  

Increasing nitrogen rates consistently increased visual quality across both cultivars 

and study years indicating that higher nitrogen levels are desirable for producing higher 

visual quality, as was indicated by the Moeller (2008) study. 

 Triticonazole + pigment tended to positively influence percent quality turf (%QT) on 

both cultivars and years.  %QT associated with triticonazole + pigment was often similar to 

the untreated, but on several occasions this treatment resulted in %QT values higher than the 

untreated while other fungicides had values similar to the untreated. This can almost certainly 

be attributed to the pigment, since this effect was not routinely detected with triticonazole 

alone.  Positive effects associated with the pigment are further evidence that the pigment 

invokes a healthier plant as a result of stress protection, as indicated by Brantley (2011).   

Across both cultivars and study years triadimefon had values that tended to be lower 

than other treatments, and values associated with triadimefon were often lower than 

triticonazole + pigment on weeks when other treatments had similar values to triticonazole + 

pigment.  This indicates that triadimefon negatively influenced %QT, which is in agreement 

with Elliott‟s findings in 1999. Differences in %QT associated with fungicides became more 
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apparent following a second application, indicating that a turf manager should exercise 

caution before making a consecutive application of DMI fungicides.   

While significant differences between means of %QT differed in 2011, the overall 

range of values was quite narrow (98-99 on „Penn A-1) and (95-99 on „Penncross‟). 

Therefore, while differences were detectable in 2011, they may not be agronomically 

important.  This could be another indicator that the more conducive growing conditions in 

2011 when compared to 2010 may have caused the detrimental effects associated with DMIs 

to be less pronounced.   

Increasing nitrogen rates tended to increase %QT across cultivars and study years 

indicating that more nitrogen is conducive to maintaining higher quality creeping bentgrass 

putting greens. 

 Triticonazole + pigment had a positive influence on hue immediately following 

applications.  This could be attributed to the incorporated pigment since triticonazole alone 

did not share this influence.   

Propiconazole and myclobutanil also increased hue following a second application.  

This could be a result of increased chlorophyll concentration per unit of leaf area as a result 

of growth retardation, as was evidenced by Davis et al. 1988; Sankhla et a. 1996b, 1997 and 

Khalil 1995.   

Triadimefon and flutriafol tended to decrease hue values following a second 

application, suggesting that caution should be exercised when considering sequential 

applications of these products.   
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Overall hue ranges tended to be higher in 2011 than in 2010 on both cultivars further 

strengthening evidence that growing conditions may play a role in the extent to which 

negative effects associated with DMIs are detected.   

Increasing nitrogen rates tended to increase hue values suggesting that higher levels 

of nitrogen are conducive to elevating turf color, which is in agreement with Moeller‟s 

findings in 2008. 

 Propiconazole had a positive influence on dark green color index (DGCI) following a 

second application.  This was apparent during both study years and on both „Penncross‟ and 

„Penn A-1‟.  The postive effect that propiconazole had on DGCI can likely be attributed to 

more densely packed chloroplasts per unit of leaf area, such as was found by Davis et al. 

1988; Sankhla et a. 1996b, 1997 and Khalil 1995.   

Triticonazole + pigment also tended to increase DGCI values following applications.  

This can be attributed to the incorporated pigment since triticonazole alone did not tend to 

have this effect, and DGCI values for triticonazole + pigment tended to approach values for 

other treatments after the pigment had time to be removed via mowing.   

Fertilizer effects on DGCI were more often significant than were fungicide effects 

and increasing rates of nitrogen consistently increased DGCI values.  We can conclude that 

increased levels of nitrogen fertility were important for maintaining high DGCI values, 

which equate to darker green colors that are more appealing to the human eye, as was 

evidenced by Moeller (2008).  Future research should include determining an ideal balance 

of nitrogen fertility and applications of propiconazole that may work in unison to promote 
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healthy and visually appealing creeping bentgrass putting greens without inhibiting lateral 

growth.    

 The objectives of this study were to (1) investigate the effects of DMI fungicides on 

recovery of creeping bentgrass putting greens from hollow-tine aerification, (2) assess the 

effects of DMI fungicides on vertical growth, (3) determine their effects on turf quality and 

color, (4) evaluate the effects of fertility level, primarily nitrogen, on recovery, quality and 

color and (5) assess how these effects may differ across cultivars.   

We determined that DMI fungicides affect recovery from hollow-tine aerification, 

quality and color of creeping bentgrass putting greens, although there are differences among 

them.  Triticonazole + pigment stimulates recovery from aerification and this effect is likely 

due to the incorporated pigment.  Triadimefon and propiconazole inhibit recovery from 

aerification and are poor choices for fairy ring prevention when a rapid recovery from 

hollow-tine aerification is desired.  

Increasing nitrogen rates led to faster recovery of aerification holes. Increasing 

nitrogen helped turf compensate for the detrimental effects on recovery caused by the DMI 

fungicides, with turf treated with metconazole being highly responsive to additional nitrogen, 

while turf treated with triadimefon tended to be less responsive to higher nitrogen rates.   

The DMIs tended to influence vertical growth only after a second application, where 

propiconazole, myclobutanil, and flutriafol tended to increase vertical growth.  Caution 

should be taken when considering consecutive applications of these compounds as increased 

vertical growth may be detrimental to green speeds.  
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Increasing nitrogen rates also increased vertical growth. This necessitates that a 

superintendent should assess his/her goals for green speed and recovery rate from hollow-tine 

aerification, when deciding nitrogen fertility levels.   

Mycobutanil, propiconazole, flutriafol and triadimefon were detrimental to visual 

quality, while tebuconazole, metconazole, fenarimol and triticonazole + pigment did not 

negatively impact visual quality.  When evaluated via DIA, triticonazole + pigment 

positively influenced quality while triadimefon was detrimental to quality.  This shows that 

triticonazole + pigment is a better choice than triadimefon in order to maintain satisfactory 

levels of turf quality.   

Triticonazole + pigment positively affects color, while propiconazole and 

myclobutanil positively influenced color following second applications. Triadimefon and 

flutriafol tended to negatively impact color following second applications.  Therefore, 

triticonazole + pigment, propiconazole, and myclobutanil are better DMI choices for 

maintaining appealing turf color than are triadimefon and flutriafol.  Increasing nitrogen rates 

positively influence turf quality and color.   

„Penncross‟ is more tolerant to detrimental effects associated with DMI fungicides 

than is „Penn A-1‟.  Growing conditions may influence the degree of detrimental effects 

associated with DMI fungicides. 

 Future research should include further experimentation with the pigment incorporated 

with triticonazole + pigment, detailed recordings of weather data and correlations with 

detrimental effects, and fine-tuning of nitrogen rates in order to best achieve multiple goals 

of superintendents in relation to recovery from aerification, green speed, quality and color.
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Figure 1. Sites of plant growth regulator activity on gibberellin biosynthesis. 
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Figure 2. Duich ball mark plugger used for creating simulated aerification holes.  
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Figure 3. Lightbox used for collecting images of simulated aerification holes.  
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Figure 4. Blue exclusion frame surrounding a simulated aerification hole.  
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Figure 5. Lightbox used for collecting images of the turf canopy in 2011.  
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Figure 6. Percent turf cover (%TC) in simulated aerification holes, averaged across all 

fungicide treatments on a „Penn A-1‟ creeping bentgrass putting green, across eight weeks in 

2010. 
a 
Values are means of four replicates. 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility treatments.  Absence of a vertical bar indicates a 

week on which significant differences between fertility treatments were not detected.  
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Figure 7. Area under the crop recovery curve (AUCRC), averaged across all fertility levels 

on a „Penn A-1‟ creeping bentgrass putting green in 2010. 
a 
Values are the means of four replicates. Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

AUCRC is a quantitative measurement of crop recovery over time that is calculated using the 

trapezoid method utilizing sequential percent turf cover (%TC) values from simulated 

aerification holes throughout the data collection period. 
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Figure 8. Area under the crop recovery curve (AUCRC), averaged across all fungicide 

treatments on a „Penn A-1‟ creeping bentgrass putting green in 2010. 
a 
Values are the means of four replicates. Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

AUCRC is a quantitative measurement of crop recovery over time that is calculated using the 

trapezoid method utilizing sequential percent turf cover (%TC) values from simulated 

aerification holes throughout the data collection period. 
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Figure 9. Clipping weight in grams, averaged across all fungicide treatments on a „Penn A-1‟ 

creeping bentgrass putting green, across seven weeks in 2010. 
a 
Values are means of four replicates. 

Data was collected once per week. Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected.  
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Figure 10. Clipping weight in grams, averaged across all fungicide treatments on a „Penn A-

1‟ creeping bentgrass putting green, across eight weeks in 2011. 
a 
Values are means of four replicates. 

Data was collected once per week. Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 
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Figure 11. Visual quality values, averaged across all fertility treatments on a „Penn A-1‟ 

creeping bentgrass putting green in 2010. 
a 
Values are the means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

Values were assigned on a 0-9 rating scale with 5 or greater being considered acceptable. 

  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

V
is

u
a

l 
Q

u
a

li
ty

 a

Fungicide

fenarimol

flutriafol

metconazole

myclobutanil

propiconazole

triadimefon

triticonazole

triticonazole + pigment

untreated

A 

ABC 
BCD 

D 
CD 

BC 

AB 

CD 
ABC 



 

 120 

 
Figure 12. Visual quality values, averaged across all fungicide treatments on a „Penn A-1‟ 

creeping bentgrass putting green in 2010. 
a 
Values are the means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

Values were assigned on a 0-9 rating scale with 5 or greater being considered acceptable. 
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Figure 13. Visual quality values, averaged across all fertility treatments on a „Penn A-1‟ 

creeping bentgrass putting green in 2011. 
a 
Values are the means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

Values were assigned on a 0-9 rating scale with 5 or greater being considered acceptable. 
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Figure 14. Visual quality values, averaged across all fungicide treatments on a „Penn A-1‟ 

creeping bentgrass putting green in 2011. 
a 
Values are the means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

Values were assigned on a 0-9 rating scale with 5 or greater being considered acceptable. 
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Figure 15. Percent quality turf (%QT), averaged across all fungicide treatments on a „Penn 

A-1‟ creeping bentgrass putting green, across seven weeks in 2010. 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 
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Figure 16. Percent quality turf (%QT), averaged across all fungicide treatments on a „Penn 

A-1‟ creeping bentgrass putting green, across seven weeks in 2011. 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 
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Figure 17.  Hue of the turf canopy, averaged across all fungicide treatments on a „Penn A-1‟ 

creeping bentgrass putting green, across seven weeks in 2010. 

 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 
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Figure 18.  Hue of the turf canopy, averaged across all fungicide treatments on a „Penn A-1‟ 

creeping bentgrass putting green, across seven weeks in 2011. 

 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 
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Figure 19. Dark Green Color Index (DGCI) of the turf canopy, averaged across all fungicide 

treatments on a „Penn A-1‟ creeping bentgrass putting green, across seven weeks in 2010. 

 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 

 

DGCI is a color index ranging from 0-1 that is based on hue, saturation, and brightness 

values that correspond to dark green color as perceived by the human eye (Karcher 2003). 
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Figure 20. Dark Green Color Index (DGCI) of the turf canopy, averaged across all fungicide 

treatments on a „Penn A-1‟ creeping bentgrass putting green, across seven weeks in 2011. 

 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 

 

DGCI is a color index ranging from 0-1 that is based on hue, saturation, and brightness 

values that correspond to dark green color as perceived by the human eye (Karcher 2003). 
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Figure 21. Percent turf cover (%TC) in simulated aerification holes, averaged across all 

fungicide treatments on a „Penncross‟ creeping bentgrass putting green, across seven weeks 

in 2010. 
a 
Values are means of four replicates. 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility treatments.  Absence of a vertical bar indicates a 

week on which significant differences between fertility treatments were not detected.  
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Figure 22. Percent turf cover (%TC) in simulated aerification holes, averaged across all 

fungicide treatments on a „Penncross‟ creeping bentgrass putting green, across eight weeks in 

2011. 
a 
Values are means of four replicates. 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility treatments.  Absence of a vertical bar indicates a 

week on which significant differences between fertility treatments were not detected.  
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Figure 23. Area under the crop recovery curve (AUCRC), averaged across all fertility levels 

on a „Penncross‟ creeping bentgrass putting green in 2010. 
a
 Values are means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

AUCRC is a quantitative measurement of crop recovery over time that is calculated using the 

trapezoid method utilizing sequential percent turf cover (%TC) values from simulated 

aerification holes throughout the data collection period.  
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Figure 24. Area under the crop recovery curve (AUCRC), averaged across all fungicide 

treatments on a „Penncross‟ creeping bentgrass putting green in 2010. 
a
 Values are means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

AUCRC is a quantitative measurement of crop recovery over time that is calculated using the 

trapezoid method utilizing sequential percent turf cover (%TC) values from simulated 

aerification holes throughout the data collection period.  
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Figure 25. Clipping weight in grams, averaged across all fungicide treatments on a 

„Penncross‟ creeping bentgrass putting green, across seven weeks in 2010. 
a 
Values are means of four replicates. 

Data was collected once per week. Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected.  
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Figure 26. Clipping weight in grams, averaged across all fungicide treatments on a 

„Penncross‟ creeping bentgrass putting green, across eight weeks in 2011. 
a 
Values are means of four replicates. 

Data was collected once per week. Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected.  
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Figure 27. Visual quality values, averaged across all fertility levels on a „Penncross‟ 

creeping bentgrass putting green in 2010. 
a 
Values are the means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

Values were assigned on a 0-9 rating scale with 5 or greater being considered acceptable. 
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Figure 28. Visual quality values, averaged across all fungicide treatments on a „Penncross‟ 

creeping bentgrass putting green in 2010. 
a 
Values are the means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

Values were assigned on a 0-9 rating scale with 5 or greater being considered acceptable. 
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Figure 29. Visual quality values, averaged across all fertility treatments on a „Penncross‟ 

creeping bentgrass putting green in 2011. 
a 
Values are the means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

Values were assigned on a 0-9 rating scale with 5 or greater being considered acceptable. 

 

  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

V
is

u
a

l 
Q

u
a

li
ty

 a

Fungicide

flutriafol

metconazole

myclobutanil

propiconazole

tebuconazole

triadimefon

triticonazole

triticonazole + pigment

untreated

A 

CD 
BC 

BCD 

DE 

AB 

E 

CD 
CDE 

 



 

 138 

 
Figure 30. Visual quality values, averaged across all fungicide treatments on a „Penncross‟ 

creeping bentgrass putting green in 2011. 
a 
Values are the means of four replicates.  Values with the same letter above columns are not 

significantly different according to the Waller-Duncan k-ratio t-test (k=100). 

Values were assigned on a 0-9 rating scale with 5 or greater being considered acceptable. 
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Figure 31. Percent quality turf (%QT), averaged across all fungicide treatments on a 

„Penncross‟ creeping bentgrass putting green, across seven weeks in 2010. 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 
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Figure 32. Percent quality turf (%QT), averaged across all fungicide treatments on a 

„Penncross‟ creeping bentgrass putting green, across seven weeks in 2011. 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 
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Figure 33.  Hue of the turf canopy, averaged across all fungicide treatments on a „Penncross‟ 

creeping bentgrass putting green, across seven weeks in 2010. 

 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 
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Figure 34.  Hue of the turf canopy, averaged across all fungicide treatments on a „Penncross‟ 

creeping bentgrass putting green, across seven weeks in 2011. 

 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 
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Figure 35.  Dark Green Color Index (DGCI) of the turf canopy, averaged across all fungicide 

treatments on a „Penncross‟ creeping bentgrass putting green, across seven weeks in 2010. 

 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 

 

DGCI is a color index ranging from 0-1 that is based on hue, saturation, and brightness 

values that correspond to dark green color as perceived by the human eye (Karcher 2003). 
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Figure 36.  Dark Green Color Index (DGCI) of the turf canopy, averaged across all fungicide 

treatments on a „Penncross‟ creeping bentgrass putting green, across seven weeks in 2011. 

 
a 
Values are means of four replicates. 

 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility levels.  Absence of a vertical bar indicates a week 

on which significant differences between fertility levels were not detected. 

 

DGCI is a color index ranging from 0-1 that is based on hue, saturation, and brightness 

values that correspond to dark green color as perceived by the human eye (Karcher 2003). 
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Figure 37. Clipping weights in milligrams, averaged across all fungicide treatments on „Penn 

A-1‟ creeping bentgrass, across eight weeks in the first greenhouse experiment of 2011. 
a 
Values are means of six replicates 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility treatments.  Absence of a vertical bar indicates a 

week on which significant differences between fertility levels were not detected. 
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Figure 38. Clipping weights in milligrams, averaged across all fungicide treatments on „Penn 

A-1‟ creeping bentgrass, across eight weeks in the second greenhouse experiment in 2011. 
a 
Values are means of six replicates 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility treatments.  Absence of a vertical bar indicates a 

week on which significant differences between fertility levels were not detected.  
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Figure 39. Clipping weights in milligrams, averaged across all fungicide treatments on 

„Penncross‟ creeping bentgrass, across eight weeks in the first greenhouse experiment in 

2011. 
a 
Values are means of six replicates 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility treatments.  Absence of a vertical bar indicates a 

week on which significant differences between fertility levels were not detected. 
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Figure 40. Clipping weights in milligrams, averaged across all fungicide treatments on 

„Penncross‟ creeping bentgrass, across eight weeks in the second greenhouse experiment in 

2011. 
a 
Values are means of six replicates 

Data was collected once per week.  Vertical bars indicate weeks on which significant 

differences were detected among fertility treatments.  Absence of a vertical bar indicates a 

week on which significant differences between fertility levels were not detected. 
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