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SUMMARY. A major concern with many creeping bentgrass (Agrostis stolonifera)
putting greens is annual bluegrass (Poa annua) invasion. The study was designed to
garner data regarding the depth of soil removal needed to reduce annual bluegrass
seedling emergence in a newly renovated putting green. Research was conducted in
different seasons (summer and fall) to evaluate seedling emergence across five soil
removal depths in four sampling sites. Cores were collected from four golf courses in
southeastern Michigan, subdivided into different soil removal depths, potted in
sterile soil media, and established in a growth chamber. Results suggest that exca-
vating soil to a depth of 1.0 inch or, more prudently, to a 1.5-inch depth could
minimize annual bluegrass competition in a creeping bentgrass putting green.
Annual bluegrass emergence was observed to be greatest in the upper soil depths
(0.5–1.5 inches) in both seasons, with minimal emergence (<1.1 plant/0.2 ft2)
below the 2.0-inch soil removal depth treatment.

A
major concern with creeping
bentgrass putting greens is
the high incidence of annual

bluegrass invasion. A genetically di-
verse and prolific seed producer
(Beard et al., 1978; Ellis et al., 1971;
Gibeault and Goetze, 1973; Law,
1981; Timm, 1965; Tutin, 1957;
Wells, 1974; Youngner, 1959), an-
nual bluegrass thrives in highly cul-
tured turfs (Barkworth et al., 2003;
Huff, 1999; La Mantia and Huff,
2011; Warwick, 1979) and can pro-
vide a high-quality putting surface.
However, most golf course superin-
tendents consider it an invasive weed
and go to great lengths to control it in
their greens (Vargas and Turgeon,
2004). Previous research has not only
demonstrated the colonization of

distinct, aggressive populations in
greens (Sweeney and Danneberger,
1995, 1997), but also the profuse
quantities that remain viable in the
soil seed bank (Branham et al., 2004;
Peachey et al., 2001). Although some
studies quantified survival of buried
annual bluegrass seed in crop pro-
duction fields (Peachey et al., 2001),
research has not been conducted on
the amount of soil removal needed to
reduce seed germination in putting
greens. Therefore, it is critical to de-
termine annual bluegrass seed germi-
nation rate within soils regarding
renovation practices.

Recently, golf course renovations
have peaked because of aging and func-
tionally deficient components such as
putting greens (Jones, 2019), and five
principles usually dictate a renovation:
major turf loss resulting from abiotic and
biotic stress, loss of putting green result-
ing from collar encroachment, excessive
organic matter accumulation, need for
architectural design improvement, and
invasion of undesirable turfgrass species
affecting surface playability (Foy and
Gilhuly, 2015). In the cool-season

region, conversion to a desirable grass
species such as a creeping bentgrass is
one option, but the cost of renovation is
a big factor. Partial removal of an existing
root zone—a resurfacing, as it is com-
monly called—is an economically viable
option that costs 20% of a total rebuild
(White, 2006). A complete rebuild with
total root zone removal may not be the
best nor necessary option in most cases.
For cool-season grass species, it has been
suggested that only the upper 1.0 to 3.0
inches of existing root zone be removed
(Whitlark and Hummel, 2018) when
replacing a turfgrass variety for an im-
proved variety by reseeding or sodding.
This removal amount (1.0–3.0 inches)
would not require adding more root
zone material because most putting
greens older than 10 years have sufficient
additions of sand topdressing, making it
deeper than the original construction
depth (McCarty et al., 2005; Skorulski
et al., 2010; Whitlark and Hummel,
2018). These frequent sand additions
have buried annual bluegrass seed deep
within the root-zone profile.

Superintendents are searching
for ways to improve putting surfaces
not only to appease customers, but
also to decrease pesticide, fertilizer,
and water inputs to be more environ-
mentally friendly (Gilhuly, 2016;
Jones, 2017). Therefore, a cost-effec-
tive renovation methodmust be iden-
tified to reduce annual bluegrass
seedling emergence in a putting
green. Perhaps excavating to at least
a 1.0-inch depth or, more prudently,
to a 1.5- to 2.0-inch depth of an
existing root zone would have suffi-
cient efficacy to minimize weed in-
vasion when renovating with or
without soil fumigants. The objective
of this study was to evaluate the
effects of putting green site, soil re-
moval depth, and season on annual
bluegrass seedling emergence.

Materials and methods
Observations on annual blue-

grass seedling emergence were con-
ducted in summer and fall (20 Aug.
2015 and 16 Oct. 2015) at the Mich-
igan State University (MSU); Plant,
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Soil, and Microbial Sciences Growth
Chamber Facilities; East Lansing, MI.
Sampling sites were four golf courses
with native soil ‘‘push-up’’ greens
(Hurdzan, 2004) located in south-
eastern Michigan (Table 1): Barton
Hills Country Club (CC), AnnArbor,
MI; Franklin Hills CC, Franklin, MI;
Meadowbrook CC, Northville, MI;
and Red Run Golf Club (GC), Royal
Oak, MI. The studied factor was soil
removal depth of the putting green
root zone (0.5, 1.0, 1.5, 2.0, and 3.0
inches). During each season, 15 soil
cores were removed randomly from
a single putting green at each sam-
pling site to assess annual bluegrass
seed germination at different soil re-
moval depths. A 4-inch-diameter golf
cup cutter (Lever Action Hole Cut-
ter; Par Aide, Lino Lakes, MN) was
used to remove cores to a depth of 3.0
inches from the sample greens. As
shown in Table 2, distinct differ-
ences among study sites may reflect
both the variation in topdressing
application rates because most were
topdressed extensively during the
past 25 years (M. Edgerton, B.
Schweihofer, C. Seaborg, and G.
Thommes, personal communica-
tion). BartonHills CChad a relatively
shallow sand topdressing layer based
on the rationale that its silt and clay
percentage increased sharply to 25.4%
(indicative of a sandy-loam native
layer) at the 2.0-inch soil removal
depth, whereas all others were be-
tween 4% and 5%.

A total of 60 cores were collected
during each season. The cores were
brought to the greenhouse and sub-
jected to soil removal depth treat-
ments. Cores from each season and
each sampling site were assigned ran-
domly to these treatments, with three
cores per soil removal depth for each
site and season. Soil of each core was
removed to the respective depth
treatment with a core-slicing appara-
tus (MSU Soil and Plant Nutrient
Laboratory, East Lansing, MI), was
an open-top wooden box (4.5 inches
wide · 12 inches long) with side slots
so that a sawblade could separate soil
cores precisely into depth intervals of
0.0 to 0.5, 0.5 to 1.0, 1.0 to 1.5, 1.5
to 2.0, and 2.0 to 3.0 inches. Each
soil removal depth treatment was
placed intact, if possible (some sec-
tions broke apart), and level with the
surface of the potting media (55%
sphagnum peatmoss with equal parts

processed pine bark, perlite, and ver-
miculite). All treatment pots (6.5-
inch diameter · 4.5-inch depth) were
then placed into a controlled-envi-
ronment growth chamber as de-
scribed by Merewitz et al. (2011).
Conditions were set to maintain
a 500-mmol�m–2�s–1 photosynthetic
photon flux density; daytime and
nighttime temperatures of 78.4 and
68.0 �C, respectively; regulated at
67% relative humidity with a 14-h
photoperiod. Fertilization consisted
of weekly applications of 50% Hoag-
land solution (Hoagland and Arnon,
1950) through mist-nozzle irrigation
with �0.10 inch of water applied
during a single irrigation period. For
this experiment, emerged annual
bluegrass seedlings were counted

35 d after placing soil removal depth
treatments in experimental pots
(DAP). This time duration was cho-
sen to give sufficient time for seed
germination and seedling emergence
to occur in all experimental pots.

Data analysis was conducted us-
ing PROC GLIMMIX in SAS (ver-
sion 9.4; SAS Institute, Cary, NC).
Two types of statistical analyses for
emergence data were performed. In
the first analysis, the individual golf
courses were treated as a fixed factor,
and the effects of soil removal depth
and season were examined for each
course. The statistical model for the
analysis consisted of the fixed effects
of soil removal depth, golf course site,
and season, along with their interac-
tions. Normality and equal variance

Table 1. Descriptive analysis of the sample of golf course putting greens used in
the study to determine annual bluegrass emergence at different soil removal
depths and sites in 2015 at East Lansing, MI.z

Site

Annual
bluegrass:creeping
bentgrass ratio (%)

Putting
green age

(yr)

Sand
topdressing
frequency
(no./mo.)

Annual
nitrogen

applied (lb/
1000 ft2)y

Barton Hills
Country Club
(Ann Arbor,
MI)

70:30 98 2 or 3 2.5

Franklin Hills
Country Club
(Franklin, MI)

60:40 90 2 2.7

Meadowbrook
Country Club
(Northville,
MI)

95:5 95 2 or 3 4.2

Red Run Golf
Club (Royal
Oak, MI)

80:20 100 2 5.0

zInformation provided by personal communication with golf course superintendents M. Edgerton, B.
Schweihofer, C. Seaborg, and G. Thommes.
y1 lb/1000 ft2 = 48.8243 kg�ha–1.

Table 2. Different silt and clay percentages present in the sample of golf course
putting greens used in the study to determine annual bluegrass emergence at
various soil removal depths and sites in 2016, East Lansing, MI.

Soil removal depth (inches)z
BHy FH MB RR

Silt and clay (%)x

0.5 7.1 5.3 4.9 7.0
1.0 4.3 4.8 4.8 8.0
1.5 5.5 4.7 4.7 5.8
2.0 25.4 4.6 5.1 3.7
3.0 30.5 4.6 7.7 2.7
zSoil removal depth treatments were accomplished using a core-slicing apparatus (Soil and Plant Nutrient
Laboratory, Michigan State University, East Lansing, MI). 1 inch = 2.54 cm.
yThe study sites were golf courses located in southeastern Michigan: BH = Barton Hills Country Club (CC), FH =
Franklin Hills CC, MB = Meadow Brook CC, RR = Red Run Golf Club.
xSilt and clay particle sizes were measured using the hydrometer method (Soil and Plant Nutrient Laboratory
Michigan State University, East Lansing, MI).
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assumptions were checked using nor-
mal probability plots and side-by-side
box plots, respectively. Because there
were substantial differences among
data variances of site and season,
a heterogeneous variance model was
fitted with separate variance estimates
for each site within each season.
When the interaction effects were
found to be statistically significant,
the interactions were examined using
slicing (simple effect tests) and mean
separations among the cell means.
When the interactions appeared to
be spurious or represented differences
in magnitude of the studied effects,
marginal means were reported and
compared. The second analysis
treated individual golf course sites as
a random factor and compared the
performance of soil removal depth
treatments across all individual golf
courses, representing the entire pop-
ulation of similar golf courses in the

state of Michigan. Statistical tests
were conducted at the 0.05 level of
probability. Mean separations were
performed based on Fisher’s least
significant difference (Ott and Long-
necker, 2001).

Results and discussion
Results of the main effect and

interaction tests for seedling emer-
gence (number of plants/0.2 ft2) at
35 DAP are presented in Table 3.
Because the interactions among soil
removal depth, sites (golf course),
and seasons were statistically signifi-
cant, we first examined performance
of all depth treatments within indi-
vidual sites for each season (Table 4).
The data suggest that in all sites and
seasons, there is at least a numeric
trend present of lower annual blue-
grass emergence at greater depths,
with statistically significant differ-
ences between the 0.5- and 3-inch
depths in a couple sites. For instance,
at the 0.5-inch depth in the summer
season, BartonHills CC and Red Run
GC had mean plant counts of 11 and
6 plants/0.2 ft2, respectively; but as
depth increased to 3.0 inches, both
sites had no presence of annual blue-
grass seedling emergence. Similarly,
in the fall season, Barton Hills CC,
Red Run GC, and Meadowbrook CC
had mean plant counts of 94.3, 17.7,
and 10.3 plants/0.2 ft2, respectively;
and 0.3 or less annual bluegrass
plants/0.2 ft2 at the 3.0-inch depth.
This effect of soil removal depth · site ·
season could be described as an in-
teraction of magnitude.

Significant two-way interactions
such as soil removal depth · season
and soil removal depth · site were
observed and could also be described
as interactions of magnitude with

consistent trends of greater seedling
emergence in the upper soil profile at
all sites for both seasons. Thus, it is
prudent to examine main effects of
soil removal depth and compare mar-
ginal effects of depth treatments (Ta-
ble 5). Time of sampling may affect
annual bluegrass emergence. The soil
removal depth · season interaction
results suggest that seedling emer-
gence in the upper soil profile was
greatest in October compared with
the same treatment in August. This
comparison was conducted while
treating golf course site as a random
effect, thus expanding the applicabil-
ity of the findings to a broad range of
similar golf courses. However, the
high variability in emerged seedlings
among the sites could be a result of
the varying topdressing regimes prac-
ticed by each golf course (Table 2).
Barton Hills CC had less sand top-
dressing compared with the other
sites, and thus did not bury annual
bluegrass seed within the putting
green root zone, leaving more seed
in their respective uppermost soil
depths.

Seasonal temperature fluctuation
may have affected annual bluegrass
emergence in August and October.
R.N. Calhoun (personal communica-
tion) suggested that the greatest ger-
mination rates occurred at soil
temperatures between 54 and 72
�F—74% and 73%, respectively—but
only 26% and 19% germinated, respec-
tively, at 72 �F and greater. Calhoun
(2010) also observed that 100% of
seed germination was between 51 to
75 �F, but none germinated when soil
temperatures were less than 51 �F.Wu
et al. (1987) also noticed that seed
stored between 54 and 77 �F temper-
ature fluctuations showed a greater

Table 3. Analysis of variance results
for annual bluegrass emergence
following soil removal depth
treatments 35 d after placing
treatment in potting media in 2015
at East Lansing, MI.

Source of variationz df P > Fy

Soil removal depth (SR) 4 <0.0001*
Site (S) 3 <0.0001*
SR · S 12 0.0031*
Season (SE) 1 0.0006*
SE · SR 4 0.0038*
SE · S 3 0.0025*
SE · SR · S 12 0.0525*
zThe study sites were golf courses located in south-
eastern Michigan. The study was initiated on 20 Aug.
(summer) and replicated 16 Oct. (fall).
yMixed-factor effects analysis of variancemodel in SAS
(version 9.4; SAS Institute, Cary, NC) at *P £ 0.05.
Germination was based on the number of plants/0.2
ft2 (0.0186 m2).

Table 4. Effect of season · soil removal depth · site (golf course) on annual bluegrass emergence 35 d after placing treatment
in potting media in 2015 at East Lansing, MI.

Soil
removal
depth (inches)z

Summery Fall

BH FH MB RR BH FH MB RR

Mean plants (no./0.2 ft2)x

0.5 11.0 bcdw 4.0 bcde 7.3 bcd 6.0 bcd 94.3 a 3.7 bcde 10.3 bcd 17.7 bc
1.0 24.7 bc 0.3 de 1.7 cde 6.0 bcd 47.3 b 0 e 1.3 cde 2.7 cde
1.5 2.0 cde 0.3 de 1.0 cde 0.7 cde 34.3 bc 0 e 1.3 cde 2.0 cde
2.0 1.3 cde 1.0 cde 0 e 0 e 3.0 bcde 0 e 2.7 cde 0.7 cde
3.0 0 e 0 e 0.3 de 0 e 0.3 cde 0.3 de 0 e 0.3 de
zSoil removal depth treatments were accomplished using a core-slicing apparatus (Soil and Plant Nutrient Laboratory, Michigan State University, East Lansing, MI). 1 inch =
2.54 cm.
yThe study was initiated on 20 Aug. (summer) and replicated 16 Oct. (fall). Sites were golf courses located in southeastern Michigan: BH = Barton Hills Country Club (CC),
FH = Franklin Hills CC, MB = Meadow Brook CC, RR = Red Run Golf Club.
x1 plant/0.2 ft2 (0.0186 m2) = 53.8196 plants/m2.
wMean values are separated in accordance with Fisher’s protected least significant difference at P £ 0.05.
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percentage of seed germination com-
pared with storage at a constant tem-
perature. Annual bluegrass emergence
in creeping bentgrass greens was
also observed to be greatest in spring
and autumn, rather than summer
(Branham, 1991; Kaminski and Der-
noeden, 2007; Shem-Tov and Fenni-
more, 2003). Similarly, Beard et al.
(1978), Engel (1967), and Hovin
(1957) noted that temperature fluc-
tuation (50 to 70 �F) promoted the
annual bluegrass germination rate,
and that consistency of air tempera-
ture—either high or low—halted seed
germination.

Significant differences were ob-
served among soil removal depth
treatments (Table 6). The 0.5-inch
soil removal depth had the greatest
presence of annual bluegrass seed
than all other soil removal treatments.
Minimal emergence (<1.1 plants/0.2
ft2) was observed at less than the 2.0-
inch soil removal depth.

Recommendations
Competition between annual

bluegrass and a desirable grass species

is a major concern because they vie for
valuable resources such as water, nu-
trients, and light. Therefore, some
degree of soil removal may be neces-
sary when considering a putting green
renovation. Research data suggest
a conservative soil excavation, at least
a 1.0-inch depth or,more prudently, a
1.5- to 2.0-inch depth, may provide
golf course superintendents the
greatest results with regard to mini-
mum annual bluegrass emergence af-
ter renovation. Results also suggest
the critical need to remove the upper
soil layer if superintendents plan seed-
ing operations in autumn, more so
than summer, because temperature
seems to be a factor in seedling emer-
gence. Perhaps to get a better un-
derstanding of the variability in
seedling emergence among sites,
a study could be conducted in which
multiple greens at an individual site
be tested for variation. However, it
has been determined that annual
bluegrass growing in putting greens
is a distinct population to that of grass
growing elsewhere. Therefore, re-
gardless of golf course sites, the

greens were colonized by an annual
bluegrass population most adaptive
to a putting green environment
(Sweeney and Danneberger, 1995,
1997). Current research is delving
into a method of scarifying the soil,
more aptly known as fraise/fraze
mowing (Minnick, 2018), to deter-
mine the effectiveness of this proce-
dure to control seedling emergence at
various soil depths with and without
a fumigant (Dazomet, Basamid;
Amvac, Lincoln University, PA).
Therefore, practitioners might con-
sider these renovation suggestions to
minimize plant competition when
establishing a creeping bentgrass put-
ting green.
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