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Abstract. Glyphosate is routinely used to eradicate existing turf in golf course fairway
renovations. However, current label recommendations suggest delaying cultivation of
glyphosate treated areas for 7 days. A 2-year field study was conducted to assess how
various seedbed preparation techniques (i.e., verticutting, core-cultivation, or verticutting +
core-cultivation) influence glyphosate efficacy on creeping bentgrass fairway turf when
completed at various intervals shortly after application [0-7 days before cultivation
(DBC)]. Percent green cover declined from initial values of ~90% to <0.2% at the end of
the study after glyphosate application at all timings, regardless of cultivation during both
years. All cultivated plots had 37.9% to 72.3%, or 5.9% to 62.1% less green cover
compared with noncultivated plots when glyphosate was applied <3 days before
cultivation in 2014 and 2015, respectively. Generally, the number of days until green
cover reached 1% (GC,) ranged from 6.6 to 11.1 in 2014 and 5.2 to 6.9 in 2015. Within
glyphosate application timings, no differences in GC; were observed between cultivated
and noncultivated treatments in 2014, except at 0 DBC. The GC, for verticutting was
5.1 days longer than noncultivated plots; however, all other cultivation treatments were
equivalent to noncultivated plots when glyphosate was applied 0 DBC. All cultivation
treatments reduced GC; 1.7 to 2.5 days compared with the no cultivation treatment,
regardless of glyphosate application timing in 2015. Results from this study indicate that
cultivation of creeping bentgrass fairway turf within 7 days of glyphosate application is
not detrimental to long-term herbicide efficacy, and in some cases may actually enhance

the rate of decline of glyphosate treated creeping bentgrass.

Fairways are the largest acreage of in-
tensively managed turf on golf courses. On
older courses, undesirable turfgrass species,
such as annual bluegrass (Poa annua L.) or
older cultivars of otherwise desirable species
[e.g., creeping bentgrass (Agrostis stolonifera
L.)] often make up most existing fairway
populations. Extensive breeding efforts over
the past few decades have yielded new
turfgrass cultivars which offer significant
improvements in abiotic and biotic stress
tolerance (Bonos and Huff, 2013). Use of
improved cultivars in fairways could im-
prove the sustainability of golf facilities by
reducing water and pesticide use. However,
adoption of improved cultivars in older
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established fairways has been limited, in part,
due to questions regarding optimal renova-
tion procedures and low tolerance for disrup-
tion of play during renovation (Skorulski,
2013).

Establishing new cultivars into established
turfgrass stands has been shown to be im-
proved by first eliminating the existing turf
population with a nonselective herbicide, such
as glyphosate (Bauer et al., 2012; Kendrick and
Danneberger, 2002). Intraseeding into existing
stands of creeping bentgrass using only culti-
vation techniques, such as scalping or hollow-
tine cultivation, resulted in a 0% to 25%
conversion to an improved creeping bentgrass
cultivar (Kendrick and Danneberger, 2002).
Using the plant growth regulator trinexapac-
ethyl [4-(Cyclopropyl-a-hydroxymethylene)-
3,5- dioxo-cyclohexanecarboxylic acid ethylester]
to suppress existing turf yielded a 0% to 3%
conversion to an improved creeping bentgrass
cultivar in a creeping bentgrass putting green
turf (Kendrick and Danneberger, 2002) and
had no effect on establishing creeping bent-
grass in a mixed cool-season turfgrass fairway
(Reicher and Hardebeck, 2002). However,
when glyphosate was used, an 88% conversion
to newly seeded creeping bentgrass cultivar
was observed (Kendrick and Danneberger,
2002). Similarly, in annual bluegrass fairways,
less than 5% of seeded creeping bentgrass
established in the absence of glyphosate;
whereas, up to 80% bentgrass established in

plots where glyphosate was applied before
seeding (Bauer et al., 2012). These results
indicate that the use of a nonselective herbicide
before seeding can enhance establishment of
new seedlings.

Glyphosate is a systemic, nonselective
herbicide which inhibits 5-enolpyruvylshikimate
3-phosphate synthase to prevent production of
aromatic amino acids (Amrhein et al., 1980;
Steinrucken and Amrhein, 1980). The herbi-
cide is absorbed into plant cells primarily
through diffusion, distributed locally via apo-
plastic and symplastic movement, and trans-
located throughout the plant via the phloem
(Bingham et al., 1980; Hetherington et al.,
1998; Segura et al., 1978). Cultivation of
creeping grasses following glyphosate appli-
cation can sever stolons and/or rhizomes
which may limit translocation of the herbicide
potentially reducing efficacy. Control of tor-
pedograss (Panicum reptans L.) was reduced
by 50% to 63% and 5% to 15% when tillage
occurred 1 and 3 d after application of
glyphosate, respectively compared with non-
tilled glyphosate treated areas (Burt, 1980).
Current glyphosate label recommendations sug-
gest avoiding disturbance of soil or underground
plant parts through vertical mowing or core
cultivation for 7 d after application to enable
translocation of the herbicide (Anonymous,
2010). However, the effect of cultivation
timing after glyphosate application on herbi-
cide efficacy is not well known for creeping
bentgrass fairway turf. It may be that glyph-
osate translocates more quickly (i.e., <7 d)
through creeping bentgrass and annual blue-
grass than taller grass species with deeper
more robust rhizomes, such as torpedograss.

Preparing a seedbed through cultivation
of the existing turfgrass surface is recognized
to be an important component of establishing
turfgrass from seed (Turgeon, 2005). How-
ever, based on current glyphosate label rec-
ommendations, this practice should not occur
within 7 d of herbicide application. At golf
courses, where total duration of renovation
practices is a concern for turf managers and
clientele considering fairway renovation; it
may be advantageous to reduce the time
between glyphosate application and cultiva-
tion to prepare the seedbed to minimize
disruption of play at facilities. It is not well
understood, however, how cultivation occur-
ring shortly after glyphosate application
would affect herbicide efficacy in creeping
bentgrass fairway turf. Therefore, the objec-
tive of this study is to assess how various
seedbed preparation techniques (i.e., verti-
cutting and core-cultivation) influence glyph-
osate efficacy on creeping bentgrass fairway
turf when completed at various intervals
shortly after application.

Materials and Methods

Site description. The 2-year field study
was initiated on 20 June 2014 and 30 July
2015 at the University of Connecticut Plant
Science Research and Education Facility in
Storrs, CT (41°79'37"N; 72°22'87"W). The
study was conducted on a 5 and 8 year old
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‘L-93” and ‘Crenshaw’ creeping bentgrass
fairway turf grown on a Paxton fine sandy
loam (coarse-loamy, mixed, active, mesic
Oxyaquic Dystrudepts). Turf was mowed
3 d/week at a height of 1.3 cm. Nitrogen
was applied as water soluble sources total-
ing 36.6 and 61.0 kg N/ha from April
through the duration of the study in 2014
and 2015, respectively. Irrigation was ap-
plied with overhead irrigation before the
initiation of treatments each year to avoid
water deficit stress. During the evaluation
period irrigation was applied as described
below. Dollar spot (caused by Sclerotinia
homoeocarpa F.T. Bennett) was treated pre-
ventively with fluazinam [3-chloro-N-(3-
chloro-2,6-dinitro-4-trifluoromethylphenyl)-
S-trifluoromethyl-2-pyridinamine] at 0.8 kg a.i./ha
on 10 June 2014. White grubs (Popillia
Jjaponica Newman, Anomala orientali Water-
house) were controlled with an application of
chlorantraniliprole (3-bromo-N-{4-chloro-
2-methyl-6-[(methylamino)carbonyl]phenyl }-
1-(3-chloro-2-pyridinyl)-1H-pyrazole-5-
carboxarmide) at 0.22 kg a.i./ha on 6 June 2015.

Experimental design and treatments. The
study was conducted as a 4 x 5 factorial
arranged in a split-plot design with three
blocks. Main plots measured 1.8 X 5.5 m
and consisted of four cultivation treatments:
verticutting, core-cultivation, verticutting +
core-cultivation, and no cultivation. Main
plots were divided into six subplots, each
measuring 0.9 X 1.8 m, five of which con-
sisted of glyphosate application timings oc-
curring 7, 5, 3, 1, and 0 DBC, with a sixth
subplot included as a no glyphosate control.

Cultivation occurred on 27 June 2014 and
on 6 Aug. 2015. Verticutting treatments were
conducted using a Graden SW04 Swing-
Wing Verticutter (Graden Industries, Tho-
mastown, Victoria, Australia) with 2 mm
wide blades set 52 mm apart. Plots were
verticut in two directions to the depth of the
thatch-soil interface (2.5 cm). Core-
cultivation was conducted with a Toro Pro-
Core 648 (The Toro Company, Bloomington,
MN) outfitted with 1.6 cm (0.d.) hollow-tines
to a depth of 5 cm set 5 X 5 cm apart. Cores
were pulverized with a rotary mower and soil
was reincorporated into aerification holes and
the turf canopy within each core-cultivation
or verticutting + core-cultivation subplot
using leaf rakes and brooms. For plots that
received both types of cultivation, verticut-
ting was performed first and accumulated
thatch was removed from the surface before
core-cultivation. Following cultivation and
for the remainder of the trial, the entire study
area was irrigated with 2.5 mm water three
times daily between 0800 and 1900 to sim-
ulate conditions following an overseeding
event. Glyphosate was applied at 3.42 kg
a.i./ha as Roundup Pro Concentrate (600 g
a.i./L; Monsanto Company, St. Louis, MO)
using a hand held CO, pressurized spray
boom outfitted with a single AI9S04E (TeeJet
Technologies, Glendale Heights, IL) flat fan
banding nozzle calibrated to deliver 406 L/ha at
138 kPa. The 0 DBC glyphosate treat-
ment was allowed to fully dry on the
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surface before the initiation of any cultivation
treatments.

Data collection and statistical analyses.
Percent green cover was assessed using
a digital image of each subplot taken within
a 0.5 x 0.6 m white florescent illuminated box
which excluded ambient light and provided
for a consistent exposure for all plots. The
number of green pixels within each image
was divided by the total number of pixels in
the image using Sigma Scan v. 3.0 (Systat
Software Inc, San Jose, CA) based on the
methods developed by Karcher and Richard-
son (2005). Initial images were acquired 7
DBC, before glyphosate application, and
subsequent images were taken 1, 6, 8, 11,
and 28 or 23 d after cultivation (DAC). Rate
of green cover decline was determined from
percent green cover data as the number of
days required for green cover to decline to
1% of the plot area (GC,) for each experi-
mental unit. Percent green cover data was fit
to a three-parameter sigmoidal model:

a

1+ exp~(x — xo,/b)

Except for experimental units where the
upper limits of the model prediction
exceeded 100% green cover. This occurred
for treatments where green cover declined
immediately after initial observations; in
these instances a two-parameter exponential
decay model was applied to the data:

y=exp (ax) (2]

Estimated parameters based on the least
sums of squares were generated using the
Gauss—Newton iterative method of the non-
linear procedure in Statistical Analysis Sys-
tem software v. 9.4 (SAS Institute Inc., Cary,
NC). Thereafter, GC; values were calculated
for each experimental unit based on the esti-
mated parameters derived from the model
which best fit the observed data.

Percent green cover and GC, data were
analyzed using the general linear model

y (1

(GLM) procedure in SAS software v. 9.4.
Means for main effects and interactions were
separated using Fisher’s protected least sig-
nificant difference test (o0 = 0.05) using un-
weighted or weighted ¢ values for main and
subplot comparisons as described by Gomez
and Gomez (1984). Nonglyphosate treated plots
were included in this study as a control to
demonstrate that green cover decline observed
in this study was due to glyphosate induced
injury. Therefore, these nonglyphosate-treated
plots were not included in the complete factorial
analysis because they did not directly address
the objective of the study. Comparisons be-
tween all nonglyphosate and glyphosate treated
plots were performed as preplanned contrasts
each year using the CONTRAST statement in
the GLM procedure of SAS.

Results and Discussion

Glyphosate versus no glyphosate effect
pooled across all treatments. Glyphosate,
pooled over all application timings and culti-
vation methods, had a significant effect on
percent green cover beginning 1 and 6 DAC
compared with similar nonglyphosate treated
plots, during 2014 and 2015, respectively
(Table 1). Thereafter, a pooled glyphosate
effect was consistently observed throughout
the duration of the study both years. As
expected, percent green cover of glyphosate-
treated plots at the conclusion of the study
each year was =0.2%, whereas green cover of
nonglyphosate treated plots was =90% (data
not shown). Nonglyphosate-treated plots were
included in this study as a control, and results
of the preplanned contrast demonstrate that
reductions in percent green cover observed
throughout this study are primarily due to
herbicide activity.

Glyphosate timing main effect on percent
green cover. As expected, the glyphosate
application timing main effect consistently
influenced percent green cover in both 2014

Table 1. Analysis of variance for glyphosate application timing and cultivation type effects on percent
green cover on creeping bentgrass fairway turf in Storrs, CT during 2014 and 2015.

Days after cultivation (DAC)

-7 1 6 8 11 28/237
Source of variation P>F
2014
Glyphosate timing” NS ok HAk * ok NS
Cultivation type* NS *x NS NS NS *x
Glyphosate X cultivation NS Hrx NS NS NS NS
Pre-planned contrast:
Glyphosate vs. no glyphosate NS * Hokk HokE HokE Hokk
2015
Glyphosate NS skskk sksksk 3k kk 3k
Cultivation NS Hrx ** * NS NS
Glyphosate X cultivation NS ok wE * woE *
Pre-planned contrast:
Glyphosate vs. no glyphosate NS NS Hokk Hokk Hokk ok

“Data were collected through 28 DAC in 2014, and 23 DAC in 2015.
YGlyphosate was applied at a rate of 5.7 kg-ha™' using a hand held CO, powered spray boom outfitted with
asingle AI9504E flat fan nozzle calibrated to deliver 406 L-ha' at 137.9 kPa. Glyphosate was applied 7, 5,

3, 1, or 0 d before cultivation.

*Treatments included verticutting, core-cultivation, or a combination of both. Verticutting treatments were
conducted in two directions with 2 mm blades at 52 mm spacing at a depth equal to the soil-thatch interface
(/2.5 cm). Core-cultivation was performed with 1.6 cm o0.d. hollow-tines on a 5 X 5 cm spacing to a depth

of 5 cm.

Ns = nonsignificant; *, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively.

HorTSciENCE VoL. 52(11) NoveEMBER 2017

$S900E 98l) BIA | £-80-GZ0Z e /woo Aloyoeignd-poid-swiid-yiewlayem-jpd-awiid//:sdiy wouy papeojumoq



and 2015 (Table 1). Percent green cover
declined from initial values of ~90% to
=0.2% at the end of the study after glyph-
osate application at all timings, regardless of
cultivation during both years (Fig. 1A and B).
Differences in percent green cover among
glyphosate application timings ranging from
7 to 0 DBC were observed throughout the
study, although this appeared to be primarily
a result of the delay (e.g., days) between
herbicide applications rather than differences
in efficacy.

The greatest differences among glypho-
sate timings were observed 1-8 DAC
(Fig. 1A and B). Thereafter, green cover
was reduced to 1.8% or less among all
glyphosate treatments, greatly diminishing
the biological meaningfulness of statistical
differences detected on later observation
dates. Glyphosate applied 7 and 5 DBC had

100

less green cover 1 DAC, compared with
applications made 1 or 0 DBC, during both
years. Applications 3 DBC, provided a com-
parable reduction in green turf cover as
treatments 7 and 5 DBC in 2015, although
was intermediate between 7 and 5 DBC and 1
and 0 DBC on this observation date in 2014.

At 6 and 8 DAC in 2014, no differences
were detected among glyphosate applications
7 through 1 DBC with percent green cover
ranging from 0.0% to 3.1%; all these timings
had less green cover compared with glyph-
osate applied 0 DBC (12.5% and 6.7% on 6
and 8 DAC, respectively; Fig. 1A). In 2015,
a more rapid decline of percent green cover
was observed with all glyphosate application
timings, falling below 1.1% green cover by 6
DAC (Fig. 1B). Differences among glypho-
sate application timings at 6 DAC in 2015
were observed with 7, 5, and 3 DBC having
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Fig. 1. Glyphosate application timing main effect on percent green cover of creeping bentgrass during 2014
(A) and 2015 (B) in Storrs, CT. Error bars representing Fisher’s protected least significant difference
test (o0 = 0.05) indicate significant treatment differences within each date.
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less green cover than 1 DBC, and 0 DBC
having the greatest green cover. However,
these differences were small (=1.1%), and
appear to have little biological significance
on the eventual, long-term efficacy of glyph-
osate. No increase in green cover was ob-
served in any glyphosate application timing
treatments by the last observation date (23 or
28 DAC) during either year (Fig. 1A and B).

Cultivation main effect on percent green
cover. The cultivation main effect influenced
percent green cover 1 DAC during both years
of the study (Table 1). Statistical differences
were periodically detected among cultivation
treatments on various dates thereafter. How-
ever, similar to the glyphosate application
timing effect, differences between treatments
on observation dates after 1 DAC did not
appear to be biologically significant because
of the low percent cover observed in all
treated plots (i.e., =0.7%) on dates where
a significant cultivation main effect was de-
tected (Fig. 2A and B). Differences among
cultivation treatments 1 DAC were similar
during 2014 and 2015. All cultivated plots
(i.e., verticutting, core cultivation and verti-
cutting + core cultivation) had 17% to 36%
less green cover compared with nonculti-
vated plots 1 DAC during both years
(Fig. 2A and B). Cultivation treatment effects
1 DAC were due to the physical defoliation
and disruption to the turfgrass canopy asso-
ciated with these mechanical practices.
Within cultivation treatments, the combina-
tion of verticutting + core-cultivation re-
duced percent green cover compared with
verticutting alone in 2015 or core cultivation
alone during either year, 1 DAC. There was
no difference between verticutting alone and
core-cultivation alone on this date during
2014 and 2015. The theoretical surface area
affected by verticutting alone and core-
cultivation alone treatments in this study
was 7.8% and 7.7%, respectively which
corresponds with the similar effect of these
treatments relative to each other on green
cover observed 1 DAC.

Interaction of glyphosate timing and
cultivation type on percent green cover. A
cultivation type by glyphosate application
timing interaction was detected 1 DAC in
both 2014 and 2015 (Table 1). The interac-
tion remained statistically significant through-
out the remainder of the study in 2015,
although as noted previously, percent green
cover on these subsequent dates (6-23 DAC)
was very low (0% to 1.6%) and relative
treatment differences were minimal (data not
shown). Therefore, data presented here focus
on treatment effects observed 1 DAC during
2014 and 2015, when the greatest differences
were observed.

Generally, interaction means indicated
that percent green cover declined with in-
creasing days between glyphosate applica-
tion and cultivation, although the extent of
loss in green cover was enhanced with in-
creasingly aggressive cultivation practices
(Table 2). No differences between cultivated
and noncultivated plots were observed when
glyphosate was applied 7 to 5 DBC because
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Fig. 2. Cultivation main effect on percent green cover of creeping bentgrass during 2014 (A) and 2015 (B)
in Storrs, CT. Error bars representing Fisher’s protected least significant difference test (o0 = 0.05)
indicate significant treatment differences within each date.

of the limited amount of turf cover present at
the time of cultivation in these treatments. All
plots treated with glyphosate 7 to 5 DBC
contained only 0.0% to 3.8% green cover
regardless of cultivation at this time during
both years. Cultivation differences were
more apparent when glyphosate was applied
3 to 0 DBC. All cultivated plots had 37.9% to
72.3% or 5.9% to 62.1% less green cover
compared with noncultivated plots when
glyphosate was applied =3 DBC in 2014
and 2015, respectively. The combination of
verticutting + core-cultivation generally re-
duced percent green cover compared with
core-cultivation alone when glyphosate was
applied between 3 and 0 DBC, except no
difference was observed when glyphosate was
applied 3 DBC during 2015. Whereas, com-
parisons between the combination cultiva-
tion treatment and verticutting-alone differed
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slightly from the core-cultivation comparison
in that the former was more dependent on
glyphosate application timing. When glyph-
osate was applied 3 DBC the combination
treatment was similar to verticutting-alone,
whereas the combination treatment had less
green cover than verticutting-alone as the
interval between glyphosate application and
cultivation became shorter (i.e., 1 and 0 DBC).
This observation is most likely attributable to
the greater physical disruption to the green
canopy associated with the combination treat-
ment. Differences between verticutting and
core-cultivation were variable between years
when glyphosate was applied 3 to 0 DBC,
although percent green cover in verticutting
plots was always less than or equal to that of
core cultivation plots.

Within cultivated plots (i.e., verticutting,
core-cultivation, and verticutting + core

cultivation), no differences in green cover
were observed among glyphosate applica-
tions 7 to 3 DBC or 0 to 1 DBC. However,
earlier applications (i.e., 7 to 3 DBC) gener-
ally had less green cover (0.7% to 1.8%)
compared with later applications (20.7% to
51.7%) 1 DAC during both years (Table 2).
An exception was observed in the combina-
tion cultivation treatment where there were
no differences among all glyphosate applica-
tion timings 1 DAC in 2015. Conversely, in
noncultivated plots, glyphosate application
timing had less of an effect on green cover 3
DBC compared with 7 and 5 DBC, although
similar to cultivated treatments, the greatest
green turf cover was observed in plots treated
with glyphosate 1 and 0 DBC in 2014.
Glyphosate effect on percent green cover in
noncultivated plots was similar to that of the
herbicide applied to verticutting and core
cultivation plots during 2015.

These data illustrate that percent green
cover of cultivated plots was less than or
equal to noncultivated plots regardless of
glyphosate timing 1 DAC. Moreover, percent
green cover for all treatments was 0% to
0.2% and 0% to 0.1% among all treatments
on the final observation date in 2014 and
2015, respectively (data not shown). There-
fore, counter to current label recommenda-
tions, cultivation practices performed =7
DBC do not reduce the glyphosate efficacy
on creeping bentgrass based on data from this
study.

Rate of green cover decline. Rate of green
cover decline was modeled to characterize
the efficacy of glyphosate application timing
and cultivation practices independent of cal-
endar date. Generally, the number of days
until green cover reached 1% (GC,) ranged
from 6.6 to 11.1 in 2014, and 5.2 to 6.9 in
2015 (Table 3). More rapid decline in 2015
may be due to increased mean air tempera-
tures during the application periods (Fig. 3)
(Jordan, 1977; McWhorter et al., 1980).
However, analysis of variance results indi-
cate GC; was influenced by an interaction
between glyphosate timing and cultivation
type in 2014, and a cultivation main effect in
2015 (Table 3).

In 2014, the interaction indicated that
within each cultivation type, GC; was equiv-
alent among plots receiving glyphosate 7 to 3
DBC (Table 4). Similarly, glyphosate appli-
cations applied 1 to 0 DBC were also gener-
ally comparable with each other within
cultivation type, except verticutting alone
plots where glyphosate applied 0 DBC took
5.6 d longer than 1 DBC to reach 1% green
cover. Interestingly, plots treated with glyph-
osate soon before cultivation (i.e., 1 to
0 DBC) had greater GC, than those treated
3 DBC, and were greater than or equal to
plots treated with glyphosate 7 to 5 DBC,
regardless of cultivation type. While these
data appear to suggest that cultivation soon
after glyphosate application may reduce her-
bicide efficacy, it is important to note that
the slowdown in rate of decline in plots
treated with glyphosate 1 and 0, DBC was
also observed in plots which received no
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Table 2. Interaction of glyphosate application timing and cultivation type influencing percent green cover
1 d after cultivation on creeping bentgrass fairway turf in Storrs, CT during 2014 and 2015.

Cultivation type

Verticutting” Core cultivation® Verticutting + core cultivation No cultivation
Glyphosate timing” Percent green cover (0% to 100%)
2014
7 DBC¥ 0.2 bAY 0.4 bA 0.0 bA 0.4 cA
5 DBC 1.0 bA 1.6 bA 0.4 bA 3.8cA
3 DBC 6.9 bC 12.9bB 4.9 bC 44.4 bA
1 DBC 29.4 aC 51.1aB 25.5 aC 89.0 aA
0 DBC 40.7 aB 52.3aB 22.9 aC 95.2 aA
2015
7 DBCY 0.0 bAY 0.0 bA 0.0 aA 0.0 cA
5 DBC 0.0 bA 0.1 bA 0.2 aA 1.0 cA
3 DBC 3.5bB 2.1bB 0.7 aB 9.4 cA
1 DBC 16.8 aB 15.0 aB 3.9aC 44.8 bA
0 DBC 21.5aC 26.4 aB 11.3 aD 73.4 aA

“Glyphosate was applied at a rate of 5.7 kg-ha' using a handheld CO, powered spray boom outfitted with
a single A19504E flat fan nozzle calibrated to deliver 406 L-ha™ at 137.9 kPa. Glyphosate was applied 7, 5,
3, 1, or 0 d before cultivation.

YVerticutting treatments were conducted in two directions with 2 mm blades at 52 mm spacing at a depth
equal to the soil-thatch interface (=2.5 cm).

*Core-cultivation was performed with 1.6 cm o.d. hollow-tines on a 5 X 5 cm spacing to a depth of 5 cm.
“Days before cultivation.

YMeans followed by the same lower case letter within a column are not significantly different based on
Fisher’s protected least significant difference test (.= 0.05). Means followed by the same upper case letter
within a row are not significantly different based on Fisher’s protected least significant difference test (0. =
0.05).

Table 3. Analysis of variance (ANOVA) for glyphosate application timing and cultivation type effects on
the number of days until percent green cover declined to 1% (GC,) on creeping bentgrass fairway turf
in Storrs, CT during 2014 and 2015.

GC,
2014 2015
Days until green cover = 1%

Main effect
Glyphosate timing”

7-DBCY 6.6 c* 6.9
5-DBC 6.7c¢ 6.9
3-DBC 57¢ 5.4
1-DBC 89b 5.2
0-DBC 11.1a 5.8
Cultivation type
Verticutting® 8.5 5.7 be
Core cultivation” 7.4 62b
Verticutting + core cultivation 6.6 49c¢
No cultivation 7.6 74a
Source of variation ANOVA
Glyphosate timing HoAk NS
Cultivation type NS **
Glyphosate X culivation ** NS

“Glyphosate was applied at a rate of 5.7 kg-ha™' using a hand held CO, powered spray boom outfitted with
a single A19504E flat fan nozzle calibrated to deliver 406 L-ha™' at 137.9 kPa. Glyphosate was applied 7, 5,
3, 1, or 0 d before cultivation (DBC).

YDays before cultivation.

*Treatment means followed by the same letter, within each column, are not significantly different based on
Fisher’s protected least significant difference test (o. = 0.05).

“Verticutting treatments were conducted using a Graden SW04 Swing-Wing Verticutter (Graden
Industries, Thomastown, Victoria, Australia) with 2 mm blades at 52 mm spacing. Plots were verticut
in two directions to a depth that reached just below the thatch layer and scratched the soil surface (=2.5
cm).

YCore cultivation treatments were conducted using a Toro ProCore 648 (The Toro Company,
Bloomington, MN) outfitted with 1.6 cm o.d. hollow-tines to a depth of 5 cm with 5 cm spacing.

Ns = nonsignificant; *, **, *** Sjgnificant at the 0.05, 0.01, and 0.001 probability levels, respectively.

cultivation (Table 4). The reduced rate of
green cover decline observed when cultiva-
tion occurred 1 to 0 DBC is more likely due to
irrigation practices used in the study. Limited
irrigation was applied to the study area from
the time glyphosate treatments were initiated
until cultivation treatments were completed.
Thereafter, irrigation was applied daily every
3 h for the duration of the study to simulate
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establishment conditions during a fairway
renovation. It may be possible that the fre-
quent irrigation applied following cultivation
delayed the decline of turf treated with
glyphosate 1 to 0 DBC.

Within each glyphosate application tim-
ing, no differences in GC; were observed
between cultivated and noncultivated treat-
ments in 2014, except at 0 DBC (Table 4). At

0 DBC, no difference was observed between
the no cultivation treatment and verticutting +
core-cultivation or core-cultivation alone
when glyphosate was applied on the same day
(i.e., 0 DBC). Only verticutting alone treat-
ments differed from the no-cultivation treat-
ment with the former requiring 5.1 additional
days until green cover declined to 1% when
glyphosate was applied 0 DBC. Conversely,
the cultivation main effect observed during
2015 indicated that all cultivation treatments
reduced GC; 1.7-2.5 d compared with the no
cultivation treatment, regardless of glyphosate
application timing (Table 3). Green cover
declined at the greatest rate in verticutting +
core-cultivation and verticutting-alone treat-
ments, although core-cultivation treatments
did not differ from verticutting-alone.

These data indicate that cultivation 1-7 d
after glyphosate application has no detrimen-
tal effect on the rate of glyphosate activity,
and in some cases may hasten decline of
creeping bentgrass fairway turf. These results
seemingly contradict those of Burt (1980)
who reported glyphosate (0.56—4.48 kg a.i./ha)
control was reduced when tillage occurred
1 or 3 d after treatment in 30-cm tall torpe-
dograss. Other studies evaluating glyphosate
translocation in grasses have demonstrated
that the herbicide moves throughout the plant
within the first 4 d after application (Bingham
et al., 1980; Claus and Behren, 1976; Segura
et al., 1978). These previous studies suggest
that cultivation within 4 d of glyphosate
application could reduce herbicide efficacy
by preventing adequate translocation of the
herbicide throughout the plant. However,
these studies evaluated grasses maintained at
greater heights of cut (e.g., 14-30 cm). In the
current study, glyphosate controlled creeping
bentgrass with no regrowth observed through
the conclusion of the study (i.e., 23-28 d)
regardless of glyphosate application timing or
cultivation practices. Glyphosate was applied
at 3.42 kg a.i./ha to creeping bentgrass main-
tained at 1.3 cm height of cut. It is possible that
under these conditions, more rapid and thor-
ough translocation of glyphosate may occur
due to the diminutive size of the plant,
relatively high application rate, and unifor-
mity of spray coverage throughout the canopy.
Thus, cultivation following glyphosate appli-
cation to fairway turf does not appear to be as
detrimental to herbicide efficacy as it may be
to plants maintained at greater heights of cut.

Results from this study indicate that
cultivation of fairway turf within 7 d of
glyphosate application is not detrimental to
long-term herbicide efficacy, and in some
cases may actually enhance the rate of de-
cline of glyphosate treated turf. However,
rate of turf decline (i.e., GC;) may be reduced
when glyphosate is applied within 3 d of
cultivation, if frequent irrigation follows.
Furthermore, this study suggests that it may
be possible to shorten at least one component
of an overall renovation project by reducing
the interval between glyphosate application
and seedbed preparation (i.e., cultivation
practices) from the current recommenda-
tion of 7 d, to as little as 0 DBC without
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Fig. 3. Mean daily air temperatures from 20 June to 25 July 2014 and 20 July to 29 Aug. 2015 at the Plant
Science Research and Education Facility in Storrs, CT.

Table 4. Interaction of glyphosate application timing and cultivation type effects on the number of days
until percent green cover declined to 1% (GC,) on creeping bentgrass fairway turf in Storrs, CT during
2014.

GC,
Cultivation type

Verticutting” Core cultivation* Verticutting + core cultivation No cultivation

Glyphosate timing” Days until green cover = 1%

7 DBC" 7.7 beAY 6.7 bA 6.0 abA 5.9 bA
5 DBC 6.5 cA 6.6 bA 6.6 abA 6.9 bA
3 DBC 48 cA 5.5bA 4.6 bA 7.7 abA
1 DBC 9.0 bA 10.4 aA 8.1 aA 8.0 abA
0 DBC 14.6 aA 12.8 aAB 7.6 aB 9.5aB

“Glyphosate was applied at a rate of 5.7 kg-ha™' using a handheld CO, powered spray boom outfitted with
a single A19504E flat fan nozzle calibrated to deliver 406 L-ha™' at 137.9 kPa. Glyphosate was applied 7, 5,
3, 1, or 0 d before cultivation (DBC).

YVerticutting treatments were conducted using a Graden SWO04 Swing-Wing Verticutter (Graden
Industries, Thomastown, Victoria, Australia) with 2 mm blades at 52 mm spacing. Plots were verticut
in two directions to a depth that reached just below the thatch layer and scratched the soil surface (2.5
cm).

*Core Cultivation treatments were conducted using a Toro ProCore 648 (The Toro Company) outfitted
with 1.6 cm o.d. hollow-tines to a depth of 5 cm with 5 cm spacing.

“Days before cultivation.

YMeans followed by the same lower case letter within the same column are not significantly different based
on Fisher’s protected least significant difference test (o0 = 0.05). Means followed by the same upper case
letter within the same row are not significantly different based on Fisher’s protected least significant
difference test (o0 = 0.05).

a reduction in efficacy. However, applying
glyphosate and cultivating large areas, such
as a golf course fairway, on the same day are
likely impractical. Therefore, turfgrass practi-
tioners renovating existing creeping bentgrass
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fairways can cultivate 1 d after glyphosate
application to eliminate the existing turf
stand and minimize the interval between
herbicide application and cultivation or
seeding.
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