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AssTrACT. Nutrient use on United States golf courses increases management costs
and has the potential to influence ecosystems. Therefore, it is critical to assess
nutrient use and management practices to develop and teach best management
practices. The objectives of this survey were to measure nutrient use and
management practices on United States golf courses in 2021, and to determine if
changes occurred since 2006. A survey was developed and distributed via e-mail
to 14,033 United States golf facilities, with 1444 responding. From 2006 to
2021, the total projected nitrogen (N), available phosphorus (P,0Os), and soluble
potash (K,O) applied declined by 41%, 59%, and 54%, to 54,376, 13,761, and
41,386 tons, respectively. These reductions were attributed to course closures,
reduced fertilized acres, reduced application rates, and nutrient use restrictions.
The percentage of facilities that did not apply P,Os5 increased to 21%, which is
likely a result of P,Oj5 application restrictions. Soil testing was associated with
greater application rates of N, P,0s5, and K,O. Returning clippings, using
precision fertilizer applications, reducing turfgrass acreage, and considering N
release from soil organic matter were associated with reduced application rates of
P,05. Golf course superintendents have contributed to nationwide reductions in N,
P,0s, and KO, as evidenced by the reduction in fertilized acres and the reduction in

nutrient use rates from 2006 to 2021.

n 2021, an estimated 106 million
Americans were involved with the
game of golf by playing, watching,
reading, or listening to a golf-related
source (National Golf Foundation
2021). Therefore, golf is an impor-
tant part of American culture. The
turfgrass that golfis played on is unique
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relative to other turfgrasses because it is
subjected to high expectations and re-
curring traffic that requires sustained
vigor. These expectations and recupera-
tive needs generally are not achieved
without supplemental nutrient appli-
cations. Some applied nutrients, such
as nitrogen (N) and phosphorus (P),
are potential elements of environmen-
tal impairment and can have negative
consequences on ecosystems.

In 2006, Throssell et al. (2009)
surveyed 16,386 golf facilities, with
a 15.6% response rate. A total of
101,096 tons of N were applied to
1.3 million acres, 36,810 tons of avail-
able phosphorus (P,Os) were applied
to 1.1 million acres, and 99,005 tons of
soluble potash (K,O) were applied to
1.2 million acres. Generally, the average
rates of N, P,Os, and K, O were greater
on putting greens than on any other
course feature. The most common

factors that golf facilities used to de-
termine their decisions about applying
nutrients were visual observations, pre-
vious product performance, and soil
analysis. Throssell et al. (2009) provided
a baseline from which future change
could be measured.

In 2015, Gelernter et al. (2016)
conducted the second assessment of nu-
trient use on United States golf courses,
with a total of 1529 facilities returning a
completed survey, accounting for 10%
of known facilities. They reported that
N, P,0s, and K;O usage declined to
61,214, 15,760, and 51,705 tons, re-
spectively. That study also found that
the percentage of golf facilities that
applied P,Os had declined to 80%
from 2006 to 2014. Legislated P,Os5
restrictions began before the Throssell
ctal. (2009) study (Rosen and Horgan
2005), but they have increased since
2005. Regulations regarding P,Os ap-
plied to turfgrass may include limiting
the total amount applied, the time
of year, or complete elimination of
P,Os5 in turfgrass fertilizer (Carey et al.
2012). Regulations have been imple-
mented in numerous states and are not
insolated to any specific region. It is
likely that the increased restrictions
on P,0Os5 applications resulted in fewer
facilities applying P>,Os and, concomi-
tantly, a reduction in P,Os applied
overall. Gelernter et al. (2016) reported
that nutrient application rates were the
primary factor behind projected N and
K5O reductions, whereas reduction of
fertilized acres were more influential
on projected P,Os reduction. Gelernter
et al. (2016) also reported golf facilities
that conducted soil tests on putting
greens applied 1.1-fold, 1.5-fold, and
1.6-fold more N, P,0s5, and K,O, re-
spectively, than golf facilities that did
not test the soil. This result appears
contrary to the notion that soil testing
is a conservation practice.

Throssell et al. (2009) provided a
baseline to measure nutrient change.
Gelernter et al. (2016) provided the
first assessment of nutrient change. It
is essential to continue to assess nutri-

Units

To convert U.S. to SI, To convert Slto U.S,,
multiply by U.S. unit Sl unit multiply by

0.4047 acre(s) ha 24711

0.0929 ft? m? 10.7639

48.8243 Ib/1000 fi*>  kg-ha™! 0.0205

1 ppm mg-kg ! 1

0.9072 ton(s) Mg 1.1023
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ent usage and management practices
on United States golf facilities. There-
fore, the objective of this survey was
to measure the change in nutrient use
and frequency of management practi-
ces used on United States golf facili-
ties from 2006 to 2021.

Materials and methods

A survey instrument including
identical questions to those used by
Gelernter et al. (2016) was created;
it allowed responses to be compared
across years. Respondents were asked
to provide nutrient data according to
the guaranteed analysis of the fertilizer
label (Association of American Plant
Food Control Officials 2017). There-
fore, N, P, and potassium were re-
ported as N, P,0Os, and K,O. The
instrument was distributed in English
via online software (Qualtrics, Provo,
UT). A survey link was emailed to
golf facilities using the mailing lists
of the National Golf Foundation
(Jupiter, FL) and the Golf Course
Superintendents Association of America
(Lawrence, KS), which resulted in the
link being sent to 14,033 unique golf
facilities. A golf facility was defined as a
business where golf could be played on
one or more golf courses. Additionally,
the survey and the link were promoted
on social media by Golf Course Super-
intendents Association of America staft.
The survey was available for completion
for 7 consecutive weeks beginning on
1 Apr 2022. Four e-mail reminders
were sent to encourage survey partici-
pation as well as survey completion by
respondents who had started but had
not completed the survey. Respondents
remained anonymous within the data
file by omitting their names and using
an assigned unique identification num-
ber. One response was allowed per
golf course. Data were merged with
data from the same survey conducted
in 2006 and 2014 to allow for the
measurement of change over time.
Responses were received from 1444
facilities, which represented 10.3% of
the known total of United States golf
facilities.

Respondents were stratified by
agronomic region (Fig. 1). To pro-
vide a valid representation of United
States golf courses, data were weighted.
Responses were categorized into one of
35 categories depending on the facility
type (public or private), number of
holes (9, 18, or =27), and public
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Fig. 1. Distribution of the 2022 survey and seven agronomic regions.

green fee (<$55 or =$55 per round)
(Supplemental Table S1). The weights
were calculated by determining the pro-
portion of each group within the total
survey response.

Data residuals were analyzed both
graphically and numerically and identi-
fied the data as non-normally distrib-
uted (National Institute of Standards
and Technology 2012). As a result,
data were fit to a log-logistic model.
Median separations were performed
using the Tukey-Kramer test (a =
0.1). Projected applied nutrients were
determined by multiplying the num-
ber of golf facilities by the percentage
that applied nutrients on a given
course feature, and then multiplying
that value by the average amount of
nutrient applied. Projected fertilized
acres were determined by dividing
the total pounds of nutrients applied
by the average pounds per 1000 ft?
and then converting to acres. Mean
separations were not conducted for
projected values. Golf facility fre-
quencies were calculated using
PROC SURVEYfreq in SAS (version
9.4; SAS Institute Inc., Cary, NC). To
determine if survey responses changed
over time, years were paired. Differ-
ences among all-pairwise comparisons
were determined using the chi-square
test at the 10% significance level.

Results and discussion

Total projected N, P,0s5, and K,
O on United States golf facilities de-
clined by 41%, 59%, and 54% from

2006 to 2021, respectively (Fig. 2A),
and similar declines were measured
within each region (Table 1). Reduc-
tions in projected applications of N,
P,0s5, and K, O differed across regions.
Nationally, N reductions ranged from
34% to 46% in the Pacific and South-
west, respectively. Nationally, P,Os re-
ductions ranged from 40% to 73% in
the Southwest and North Central, re-
spectively, and K,O was reduced by
49% to 62% in the Northeast and
North Central, respectively. These re-
ductions are likely a result of several
factors. First, golf facility closures
continue to outpace facility open-
ings, resulting in a net reduction of
golf facilities from 2006 to 2021, both
nationally and regionally (Table 2). Sec-
ond, nutrient application rates at opera-
tional golf facilities declined. The
nutrient application rate is perhaps
the most effective measurement of
efficient nutrient usage because it is
unaffected by facility closures. The
national medians of N, P,Os, and K,
O applied per 1000 fi* per golf facility
declined from 2006 to 2021 by 30%,
63%, and 42% to 1.6, 0.3, and 1.1 Ib/
1000 ft?, respectively (Fig. 2C). The
last factor that likely influenced the to-
tal projected applied nutrients is the
number of acres fertilized with N, P,
Os, and K,O, which declined by 25%,
53%, and 32%, respectively, from 2006
to 2021 (Table 3). Nationally, the
greatest decrease occurred with P,Os;
fertilized acres declined by ~530,000
acres from 2006 to 2021. Reductions
in fertilized acres within regions also
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Fig. 2. Nutrient use among United States golf facilities as (A) total projected
applied nutrients, (B) median applied nutrients per golf facility, and (C) median
applied nutrients per acre per golf facility in 2006, 2014, and 2021. Statistical
separation of projected applied nutrients was not conducted. Bars with a common
letter are not significantly different according to the Tukey-Kramer test at the
10% significance level. 1 ton = 0.9072 Mg. 1 1b/1000 ft*> = 48.8243 kg-ha™'.
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P;0;5

K,O

varied. Changes in acres fertilized with
N ranged from 21% to 37% in the
Upper West Mountain and Southwest,
respectively. Reductions in acres fertil-
ized with P,O5 were more variable and
ranged from 31% to 70% in the Upper
West Mountain and North Central, re-
spectively. Fewer acres were fertilized
with K,O, and reductions ranged from
28% in the Upper West Mountain and
Southeast to 40% in the Southwest.
Therefore, we postulated that reduc-
tions in facility closures, application
rates, and fertilized acres account for
the reduction of total nutrients applied
from 2006 to 2021.

Nationally, the median fertilized
acres declined by 16.3 acres (13.5%)
from 2006 to 2021, which is the re-
sult of fertilized acreage reductions in
the Pacific, Southeast, Southwest, and
Transition of 36%, 18%, 40%, and 14%,
respectively (Table 4). Nationally and
within each region, the greatest median
fertilized acres were roughs, followed
by fairways and natural areas. Pooled
across the United States, fertilized rough
acreage remained unchanged from 2006
to 2021. Fertilized acres of natural areas,
greens, and tees increased by 25%,
13%, and 9%, respectively, from 2006
to 2021. Fertilized acres of fairways,
practice areas, and grounds decreased by
9%, 27%, and 35%, respectively, from
2006 to 2021. From 2006 to 2021, in
all regions of the United States (except
Pacific), fertilized acres were reduced
(25%—44%) in the nonplay area de-
noted as “grounds.” Golf facilities
interested in reducing fertilized
acres may consider reducing fertili-
zation of out-of-play roughs and
natural areas, which may further
contribute to an overall reduction of
applied nutrients and potentially
result in improved efficiencies, re-
duced environmental risk, and re-
duced maintenance costs.

The N application rates declined
nationally on each course feature ex-
cept natural areas, which received the
lowest N rate of any course feature
(Table 5). Nationally, N rates declined
between 18% and 28% from 2006 to
2021, depending on the course fea-
ture. The N rate reductions (total) were
reported within each region except the
Northeast and Pacific, where the applied
N in 2021 was equivalent to that in
2006. Generally, N rate reductions were
reported for most course features within
most regions. The N rates on putting
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Table 1. Projected nitrogen (N), available phosphorus (P,O5), and soluble potash (K,O) applied to golf facilities within
the United States and regions (Fig. 1) in 2006, 2014, and 2021.

Region (Fig. 1) 2006 2014 2021 Change 2006-21
(tons)! (%)
N
United States 92,185 61,215 54,376 —41.0
North Central 15,047 10,612 8,711 —42.1
Northeast 9,139 6,560 5,656 —38.1
Pacific 3,110 2,124 2,052 —-34.0
Southeast 32,532 18,894 19,302 —40.7
Southwest 13,247 8,986 7,209 —45.6
Transition 13,600 9,688 7,982 —41.3
Upper West/Mountain 5,510 4,350 3,466 -37.1
P,05
United States 33,626 15,759 13,761 —59.1
North Central 4,657 1,421 1,242 -73.3
Northeast 3,483 1,152 1,351 —-61.2
Pacific 1,123 966 444 —60.5
Southeast 11,114 5,144 4,780 -57.0
Southwest 5,408 3,053 3,254 —-39.8
Transition 5,876 3,064 1,924 —67.3
Upper West/Mountain 1,965 960 766 —61.0
Kzo
United States 89,124 51,705 41,386 —-53.6
North Central 11,960 7,142 4,496 —62.4
Northeast 8,090 4,719 4,145 —48.8
Pacific 2,697 1,949 1,188 -55.9
Southeast 37,246 20,478 18,362 —50.7
Southwest 12,127 6,397 4,733 —61.0
Transition 12,670 8,354 6,383 —49.6
Upper West/Mountain 4,334 2,666 2,079 —52.0

"1 ton = 0.9072 Mg.

greens were reduced in all agronomic re-
gions and ranged from 24% to 31%.
Similarly, the N rate reduction on tees
ranged from 15% in the Upper West/
Mountain to 31% in the Northeast and
Southeast. Similarly, fairway N rates
were reduced in all regions except the
Southwest, and they ranged from 14%
to 32% in the Upper West/Mountain
and Northeast, respectively. The N rate

reductions on golf course roughs were
reported in all regions except the
Southwest. A reduction of applied N
results in less N available for plant up-
take, but, depending on many fac-
tors, including turfgrass type, soil,
and environmental conditions, it may
not necessarily result in a reduction of
turfgrass quality (Tang 2018). Recent
research has shown that N rates that

were previously recommended may ex-
ceed the minimum necessary to result in
acceptable turfgrass (McGroary et al.
2017). Therefore, the reduced N rates
measured during the current study are
consistent with current evidence and
may result in reduced environmental
risk (Shaddox et al. 2016b) and mainte-
nance costs without measurable loss of
turfgrass quality.

Table 2. Number of golf facilities within the United States and regions (Fig. 1) in 2006, 2014, and 2021 and the resulting

projected change in nutrient use.

Golf facilities Projected nutrient applied’
Region 2006 2014 2021 P,05 K,0
(no.) Change 2006-21 (tons)

United States 15,990 15,372 14,033 —5,027 -1,536 —3,952
North Central 4,123 3,920 3,555 —1,005 -130 —549
Northeast 2,739 2,690 2,470 —387 —-117 —324
Pacific 629 615 565 —181 —51 -126
Southeast 3,216 3,020 2,737 —2,056 —694 -1,953
Southwest 1,221 1,208 1,138 —352 -216 -221
Transition 2,951 2,793 2,509 -975 -315 -735
Upper West/Mountain 1,111 1,125 1,059 -70 —-13 —43

! Determined by multiplying the change in golf facilities from 2006 to 2021 by the average amount of N, P,Os, or K,O applied. 1 ton = 0.9072 Mg.
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Table 3. Projected acres fertilized with nitrogen (N), available phosphorus (P,0Os5), and soluble potash (K,O) on golf facili-

ties within the United States and regions (Fig. 1) in 2006, 2014, and 2021.

Region 2006 2014 2021 Change 2006-21
Area (acres)! (%)
N
United States 1,179,055 986,063 889,378 —24.6
North Central 279,185 230,025 206,284 -26.1
Northeast 161,846 134,774 125,551 —-22.4
Pacific 42,969 34,707 33,458 -22.1
Southeast 280,685 234,015 213,414 —-24.0
Southwest 118,683 93,383 80,850 -31.9
Transition 210,663 178,741 162,981 —-22.6
Upper West/Mountain 85,023 80,419 66,840 —214
P,05
United States 1,004,391 540,581 472923 —-52.9
North Central 222,890 87,951 66,723 -70.1
Northeast 143,916 57,360 50,298 —65.1
Pacific 41,553 27,546 20,789 —-50.0
Southeast 237,648 138,002 134,054 —43.6
Southwest 99,658 75,983 63,323 -36.5
Transition 189,959 101,034 89,916 —52.7
Upper West/Mountain 68,766 52,704 47.819 -30.5
KO
United States 1,126,967 874,534 767,883 -31.9
North Central 264,087 199,216 166,854 —-36.8
Northeast 157,981 121,645 110,601 -30.0
Pacific 42467 31,495 28,117 —-33.8
Southeast 268,337 219,974 194,550 -27.5
Southwest 113,167 81,642 67,637 —40.2
Transition 204,407 155,772 144,707 —-29.2
Upper West/Mountain 76,520 64,791 55,417 —27.6

"1 acre = 0.4047 ha.

Similar to N rates, P,O5 and K,O
application rates declined nationally
from 2006 to 2021 by 63% and 42%,
respectively, and within each region ex-
cept the Pacific (Tables 6 and 7). Na-
tionally and regionally, the greatest P,
Os and K,O application rates were re-
ported for putting greens and grounds.
Reductions in P,Os application rates
have not changed from 2006 to 2021
for roughs, practice areas, and natural
areas in four of the seven regions. A
three-fold increase in the P,Os appli-
cation rate was reported for natural
areas in the Northeast. Determining
the cause of this increase was beyond
the scope of this study; therefore, it re-
mains unknown. With few exceptions,
the applied K,O reduction ranged
from 23% to 50% for all course features
in all regions, except in natural areas
where no changes were reported. The
Southwest was the only region that did
not report reductions in K,O applica-
tion rates on fairways, roughs, and
grounds. Putting greens are unique
areas relative to other golf facility

Horllechnology + February 2023 33(1)

features because they receive the major-
ity of foot traffic (Moeller and Petrov-
sky 2022) and are often constructed
primarily with sand (United States Golf
Association 2018). Foot traffic often
results in turfgrass damage, which may
require additional nutrients to aid re-
covery (Nikolai et al. 2021). Addition-
ally, sands are prone to poor moisture
and nutrient retention, which can result
in the need to apply more P,O5 and K,O
on those areas than on other areas of the
golf facility where turfgrass is grown on
fine-textured, native soils. Therefore, we
postulated that the combination of foot
traffic and sand root zones resulted in
increased rates of P,Os; and K;O on
putting greens relative to other course
features.

Similar to the projected nutrients
applied, the national medians of N, P,
Os, and K,O applied per golf facility
declined by 40%, 69%, and 54% from
2006 to 2021, respectively (Fig. 2).
The median K,O applied per golf
facility also declined from 2014 to
2021. The median N use reductions

ranged from 31% to 84% from the
North Central to Southwest, respec-
tively, and were also measured within
each region, except in the Northeast
and Pacific, where the median N use
was equivalent to 2006 (Table 8).
Available P (tons/year per facility) re-
ductions ranged from 46% to 72% in
the Northeast and Transition, respec-
tively, and K,O reductions ranged from
31% in the Northeast to 71% in the
Southwest.

The N rates applied per 1000 ft*
on 18-hole and =27-hole facilities were
1.95 and 1.67 1b,/1000 ft?, respectively,
which were greater than the 1.11 lb/
1000 ft? applied to nine-hole facilities.
However, the P,Os rate reported for
=27-hole facilities was 0.17 Ib,/1000 ft>,
which was equivalent to the 0.24 and
0.29 1b/1000 ft* applied on nine-hole
and 18-hole facilities, respectively. Simi-
larly, 1.20 1b,/1000 ft of K;O was ap-
plied on =27-hole facilities, which was
equivalent to the 0.74 and 1.14 Ib/
1000 ft* applied on nine-hole and
18-hole facilities, respectively. The N
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Table 4. Median fertilized acres on golf facilities within the United States and regions (Fig. 1) in 2006, 2014, and 2021.

Yr UsS NC! NE Pac SE SW Trans UWM
Area (acres)!
Total
2006 120.4 o 1252 a 88.6 a 123.7 a 130.8 a 1484 a 1199 a 1242 a
2014 114.3 a 107.0 b 106.4 a 125.3 ab 107.3 b 171.1 a 124.2 a 137.5a
2021 104.1 b 117.8 ab 90.1 a 792 b 107.7 b 89.6 b 103.5 b 115.1a
Roughs
2006 40.8 a 45. 4a 33.0a 31.0 ab 42.3 a 41.1 a 45 .4 ab 359a
2014 38.8a 38. 8b 289 a 452 a 41.6 a 47.8 a 41.6 b 354a
2021 40.6 a 42.7 ab 295a 26.7 b 47.1 a 40.6 a 47.7 a 320a
Fairways
2006 25.6a 23.6a 21.3a 27.8 a 312 a 31.1a 248 a 26.5a
2014 238 b 21.9 ab 21.3a 26.1 a 27.1Db 3l15a 21.8Db 27.0 a
2021 234 Db 209 b 21.3a 26.6 a 275Db 284 a 22.9 ab 229 a
Natural areas
2006 139b 134 b 9.6 a 17.8 a 15.0 a 292 a 124 b 18.6 a
2014 122 b 13.6 b 9.8 a 11.7 a 109 a 31.3a 9.2 b 252 a
2021 17.3 a 269 a 14.2 a 89a 16.0 a 16.7 a 17.5a 17.5a
Practice areas
2006 49 a 4.0 a 36a 4.0 a 6.1a 5.1 ab 56a 55a
2014 46a 40a 3.1ab 40a 50b 6.4 a 58 a 4.8 ab
2021 36b 2.1Db 2.7b 31a 5.3 ab 45b 38Db 40Db
Greens
2006 24b 240D 25Db 22a 2.7 a 2.3Db 2.5ab 19b
2014 25b 2.6a 2.6 ab 25a 2.6a 2.8a 24b 2.2 ab
2021 2.7 a 2.6 ab 2.8 a 24 a 2.8 a 2.7 a 2.7 a 2.3a
Tees
2006 22Db 2.0a 19b 1.8 a 30a 23D 2.3Db 1.7 a
2014 2.3 ab 22a 2.0 ab 22a 2.7Db 3.1a 2.3Db 19a
2021 24a 2.1a 2.1a 2.0a 3.0a 2.7 a 2.6a 2.0a
Grounds
2006 1.7 a 1.6a 1.7 a 1.0a 2.0a 1.6a 1.7 a 15a
2014 14b 14a 1.4 ab 15a 14b 1.2 ab 1.4 ab 1.2 ab
2021 1.1c 09b 12b 0.8a 15b 09b 1.1b 09b

I NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWM = Upper West/Mountain.

i ] acre = 0.4047 ha.

i Within columns, values followed by a common letter are not significantly different according to the Tukey-Kramer test at the 10% significance level.

and K,O rates on private golf facilities
were 1.81 and 1.28 1b/1000 £, re-
spectively; these were greater than the
1.44 and 0.931b/1000 ft*> of N and K,
O applied to public facilities. Equivalent
rates of P,Os were applied on public
and private facilities: 0.25 and 0.29 b/
1000 ft?, respectively. The increased N
rates on =27-hole facilities are likely a re-
sult of those facilities operating with larger
budgets and possibly the result of golfers
expecting greater quality turfgrass on
larger facilities. This postulate is consis-
tent with the difference between pub-
lic and private facilities resulting from
the fact that private facilities operate
with larger fertilizer budgets than pub-
lic facilities (Golf Course Superintend-
ents Association of America 2021b).
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The percentage of golf facilities
that applied N to greens, tees, fairways,
roughs, and natural areas declined from
2006 to 2021 (Table 9). However, the
percentage of facilities that applied N
to greens, tees, and fairways remained
more than 93%. Conversely, the 11%
and 53% reductions from 2006 to 2021
at facilities applying N to roughs and
natural areas, respectively, are of con-
sequence because the magnitude of
reduction and the number of acres
fertilized likely led to a significant re-
duction in the total N applied. The
percentage of facilities that applied
P,0Os5 on United States golf facilities
declined on each course feature from
2006 to 2021. In 2006, 92% of golf
facilities applied P,Os5 to greens; however,

in 2021, that percentage declined to
75%. Perhaps the most impactful
change occurred on fairways and roughs,
where the percentage of golf facilities ap-
plying P,Os5 declined by nearly half from
2006 to 2021. This reduction is likely a
result of existing restrictions on the
use of P,Os5 on turfgrass. Restrictions
may include banning the sale or use
of phosphorus applied to turfgrass.
This reduction may be viewed as ben-
eficial and will not likely resultin a re-
duction in turfgrass quality unless
soil test levels decline below a critical
Pvalue. Critical soil Pvalues vary ac-
cording to numerous variables, in-
cluding but not limited to soil type,
soil texture, turfgrass species, turf-
grass maturity, and they may range
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Table 5. Nitrogen (N) use rates on golf facilities within the United States and regions (Fig. 1) in 2006, 2014, and 2021.

Us NC' NE Pac SE SW Trans UWM
Yr N (1b/1000 ft” per yr)*
Total
2006 2.3 4 1.8a 19a 2.3a 3.6a 3.8a 2.0a 2.3a
2014 1.7 b 1.3b 1.6 a 1.7 a 2.7b 2.5 ab 1.6b 1.7 ab
2021 1.6 b 14Db 15a 24a 22Db 1.1b 140b 1.3b
Greens
2006 4.3a 34a 36a 51a 7.7 a 51a 42a 39a
2014 3.8b 2.8Db 32Db 4.0b 59b 51a 4.0a 35b
2021 31c 24 c 25¢ 38Db 55b 38Db 32b 28 ¢
Tees
2006 39a 34a 3.6a 4.6a 58a 49 a 34a 34a
2014 31b 2.7 b 30b 35b 4.1b 48 a 2.7Db 29b
2021 29 ¢ 2.6b 25¢ 3.9 ab 4.0b 4.0b 25¢ 29b
Fairways
2006 3.1a 27a 2.8 a 34a 45a 41a 29a 2.8 a
2014 2.6b 2.1b 2.3Db 2.8 ab 35b 42 a 2.6Db 240
2021 24 c 2.0b 19 ¢ 2.7 b 35b 3.7 a 23 ¢ 24D
Roughs
2006 24a 1.7 a 19a 2.6a 40a 32a 21a 2.3a
2014 19b 14Db 15b 19b 2.7 b 3.3a 1.7 b 19b
2021 1.8 b 1.3 b 14Db 20Db 2.6b 2.8a 1.7 b 2.1 ab
Practice areas
2006 3.3a 2.7 a 2.6a 32a 51a 4.4 a 30a 29a
2014 28b 2.5ab 22b 2.8a 36Db 4.6a 25b 2.6 ab
2021 2.7 b 2.3b 2.1Db 2.8a 38b 31b 25b 240D
Natural areas
2006 1.3a 1.2a 1.0a 1.1a 14a 22a 1.3a 1.2 a
2014 1.1b 0.8 ab 0.7 a 1.0a 1.3a 1.6a 09b 14a
2021 1.0 ab 0.7 b 12a 1.1a 14a 14a 0.9 ab 0.8a
Grounds
2006 2.6 a 2.3a 2.2a 34a 3.8a 3.1ab 24a 25a
2014 22b 20b 19b 29a 28b 38a 1.8b 24a
2021 20c¢ 1.8 ¢ 1.8b 2.8a 25b 2.7b 19b 2.1a

' NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWM = Upper West/Mountain.

i1 1b/1000 ft> = 48.8243 kg-ha '

il Within columns, values followed by a common letter are not significantly different according to the Tukey-Kramer test at the 10% significance level.

from as low as 1.4 ppm to as high as
63.6 ppm, depending on the extrac-
tant used (Guillard and Dest 2003).
Using one soil extractant for all soils
is unsound. Therefore, establishing a
single critical soil P value for all soils is
also unsound. However, the Mehlich-3
extractant was the most common evi-
dence-based extractant used for P anal-
ysis on United States golf facilities in
2021 (Table 10). Critical Mehlich-3 P
values as low as 5 ppm have been re-
ported for cool-season turfgrasses
(Kreuser et al. 2012), and P values
more than 10 ppm have been reported
for warm-season turfgrasses (Liu et al.
2008) [converted from Mehlich-I P
values according to Mylavarapu et al.
(2020)]. Therefore, golf facilities may
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reduce or potentially eliminate P,Os
applications with little concern for
turfgrass quality as long as the soil
Mehlich-3 P concentration is greater
than the critical minimum, which is likely
between 5 and 20 ppm for established
turfgrass. The percentage of turfgrass
grown on P-deficient soils is unknown.
A soil survey documenting the soil P
concentration of turfgrass swards by
location and course feature (i.c., putting
greens, tees, fairways) would provide
valuable information to golf course
superintendents and help determine
the risk of encountering P-deficient
soils.

The percentage of golf facilities
that reported no applications of N to
any course feature was less than 1%

and was equivalent to that in 2006
(Fig. 3). However, the percentage of
facilities that reported no applications
of P,O5 or K,O increased from 2006
to 2021 to 21% and 6%, respectively.
The increased percentage of facilities
that are not applying P,Os is likely a
result of federal, state, tribal, or local
nutrient restrictions. The percentage
of golf facilities that operated within
P,O5 restrictions increased from 5%
to 15% from 2006 to 2021 (data not
shown). Additionally, in 2021, the P,
Os application rate on golf facilities
that operated within P,Oj restrictions
was 0.09 1b/1000 ft*; however, it was
0.32 1b/1000 ft* on facilities that did
not operate within P,Os5 restrictions.
Less than 4% of facilities were subjected
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Table 6. Available phosphorus (P,Os5) use rates on golf facilities within the United States and regions (Fig. 1) in 2006,

2014, and 2021.

us NC' NE Pac SE SW Trans UWM
Yr P,0;5 (1b/1000 ft? per yr)"
Total
2006 0.8 a 0.6 a 0.7 a 1.0a 0.9a 2.1a 09a 09a
2014 02b 0.1b 02b 04a 0.8 ab 0.6b 0.3 b 04b
2021 0.3b 0.1b 04b 0.6a 05b 09b 0.3b 0.3b
Greens
2006 15a 1.0a 12a 1.7 a 22a 21a 1.6a 1.3a
2014 1.1b 0.7 b 0.8b 1.1b 1.7 b 1.8 a 14Db 09b
2021 1.0c¢ 0.6b 0.8 b 1.0 b 1.8Db 1.7 a 1.0c¢ 0.7 ¢
Tees
2006 1.3a 1.0a 1.3a 14a 1.7 a 1.8 a 1.3a 1.0a
2014 1.0b 0.7 b 09b 1.1a 1.3b 15a 1.0b 0.8 b
2021 09b 0.6 b 0.8b 12a 140b 1.7 a 09b 0.6 ¢
Fairways
2006 1.1a 0.8 a 0.9 a 1.0a 15a 1.6a 1.1a 0.9 a
2014 09b 05b 06D 09a 12b 14 a 1.0a 0.7 ab
2021 0.8b 05b 0.7 b 09a 12b 1.6a 0.7 b 05b
Roughs
2006 09a 05a 0.7 a 0.8a 14a 15a 0.9 a 0.8a
2014 08b 04b 05D 0.6a 1.2 ab 1.3a 0.8 ab 0.7 ab
2021 0.8b 0.4 ab 0.7 ab 0.6a 1.1b 1.3a 0.6 b 05b
Practice areas
2006 1.2a 0.8 a 1.0a 1.0a 16a 1.8 a 1.2a 1.0a
2014 1.0b 0.8 a 0.6b 09a 1.1b 1.6a 1.0b 0.8 ab
2021 1.0b 09a 1.0a 09a 1.3 ab 14a 09b 0.6b
Natural areas
2006 0.8 a O.7_a 0.6b 1.1a 11a 1.3a 0.7 a 04a
2014 0.7 a 0.0V 0.5 ab 0.8 ab 0.6a 1.1a 0.6a 0.6a
2021 0.7 a 0.3a 1.8 a 04b 0.7 a 15a 0.8 a 0.3a
Grounds
2006 2.6a 23a 22a 34a 3.8a 3.1ab 24a 25a
2014 22Db 2.0Db 19b 29a 2.8Db 3.8a 1.8 b 24a
2021 2.0c¢ 1.8 ¢ 1.8b 2.8a 25Db 2.7 b 19b 2.1a

I NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWM = Upper West/Mountain.

i1 1b/1000 ft*> = 48.8243 kg-ha .

i Within columns, values followed by a common letter are not significantly different according to the Tukey-Kramer test at the 10% significance level.

¥ Values without variability were not analyzed.

to N or K,O restrictions, and no differ-
ences were measured between the rates
of N and K,O applied on facilities sub-
jected or not subjected to nutrient re-
strictions (data not shown). Therefore,
legislated restrictions on P,Os5 applica-
tions appear to have resulted in reduced
amounts of P,Os applied, and they
have likely increased the percentage of
golf facilities that omitted P,Os applica-
tions altogether.

Golf facilities that conduct soil
tests applied more N and K,O to each
course feature in 2021, except natural
areas (Fig. 4), which was consistent
with the results reported by Gelernter
et al. (2016). Soil testing was less
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associated with P,Og because greater
rates of P,Os were applied only to
practice areas and roughs on facilities
that conducted soil tests than on facil-
ities that did not. The reduced associ-
ation with P,Os may be a result of the
overall reduction in P,Os applied na-
tionally and regionally. With fewer fa-
cilities applying P,Os and less P,Os
applied overall, the association of soil
testing with applied P,Os may have
been concomitantly reduced. This study
could not determine whether soil test-
ing resulted in greater N rates; it could
only determine that there is a significant
relationship between the two. Potential
environmental impairment can occur

with N, and excessive N may increase en-
vironmental risk (Shaddox et al. 2016a)
and management costs (Shaddox and
Unruh 2021). Traditional soil tests
that use chemical extractants have
not been correlated or calibrated with
N. Additionally, N soil test results may
vary greatly because of the rapid fluctu-
ation of N in soils (Carrow et al. 2001).
Therefore, N soil tests are considered un-
reliable and should not be used to make
decisions regarding N fertilizer (Reicher
and Throssell 1998). Although some ex-
perimental N test methods are undergo-
ing study (Moore et al. 2019), none are
sufficiently widely used to make N fertil-
izer recommendations. Therefore, these
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Table 7. Soluble potash (K,O) use rates on golf facilities within the United States and regions (Fig. 1) in 2006, 2014, and

2021.
Us NC NE Pac SE SW Trans UWM
Yr K,O (Ib/1000 ft* per yr)*
Total
2006 1.9 a' 14a 1.6a 1.9a 3.3a 32a 1.9a 1.8a
2014 12Db 0.7 b 1.1b 1.2 a 2.7 ab 12b 12b 1.1 ab
2021 1.1b 0.6b 1.1b 1.3a 19b 15b 0.8 ¢ 0.6b
Greens
2006 45a 34a 34a 4.6 a 99 a 6.6 a 4.3 a 32a
2014 36Db 24Db 2.7Db 32Db 7.8 b 50b 42 a 30a
2021 29c¢ 19 c¢ 2.1c 31b 6.8 ¢ 35¢ 31b 22Db
Tees
2006 3.3a 2.8a 31a 3.6a 58a 4.0 a 29a 22a
2014 240b 20b 22b 2.6b 38b 34 ab 2.3b 2.0 ab
2021 2.0c¢ 1.6¢ 1.6¢ 2.3b 38b 29b 1.8 ¢ 1.7 b
Fairways
2006 2.6a 2.1a 2.3a 2.6a 4.6a 3.0a 25a 19a
2014 19b 14 Db 15b 2.0 ab 3.3b 2.8a 2.0b 1.6 ab
2021 1.6¢ 1.1c¢ 1.3 ¢ 1.7 b 31b 24a 16¢ 140b
Roughs
2006 19a 1.2a 15a 2.0a 4.1a 2.3a 1.8 a 1.7 a
2014 15b 0.8 b 1.1b 1.3Db 2.7 b 22a 15b 1.3b
2021 12 ¢ 0.6 ¢ 09b 1.1b 2.6b 1.8 a 12 ¢ 12b
Practice areas
2006 29a 2.1a 2.3a 24 a 52a 3.6a 2.6a 2.3a
2014 22Db 1.8 b 1.6Db 1.9 ab 34b 2.9 ab 2.1b 1.7 b
2021 18 ¢ 12c¢ 16b 1.7 b 32b 22Db 1.6 ¢ 1.3b
Natural areas
2006 1.1a 1.0a 0.9 a 12a 1.7 a 12a 1.1a 0.8 a
2014 1.1a 0.9 a 0.7 a 1.1a 15a 16a 0.9 a 1.2a
2021 1.0a 0.6a 0.8a 1.1a 1.7 a 14a 09a 0.6a
Grounds
2006 22a 1.8a 1.8a 25a 35a 2.3a 2.0a 19a
2014 1.6Db 1.3b 1.3b 2.2 ab 25b 25a 15b 1.6 ab
2021 15¢ 09 c 12b 1.7 b 2.6b 23a 15b 1.3b

I NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWM = Upper West/Mountain.

i1 1b/1000 ft*> = 48.8243 kg-ha !

i Within columns, values followed by a common letter are not significantly different according to the Tukey-Kramer test at the 10% significance level.

results provide sufficient evidence to war-
rant concern and justify further research
to determine if soil testing actually results
in greater N applications, or if the associ-
ation is coincidental.

The three most important factors
used when making nutrient application
decisions in 2021 were visual observa-
tion, weather, and previous product per-
formance (Table 11). The importance
of the top three factors declined from
2006 to 2021, but they have remained
the most important each year. Turfgrass
wear, fertilizer cost, regulatory require-
ment, and growth prediction models in-
creased in importance from 2006 to
2021, whereas most of the remaining
factors were rated less important in
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2021 than in 2006. Turfgrass damage
resulting from traffic reduces turfgrass
quality associated with playability, and
wear tolerance has been documented
to increase as a result of applied N
(Hoffman et al. 2010). Therefore,
placing greater importance on turf-
grass wear as a decision factor associ-
ated with nutrient applications is
consistent with best management
practices.

The most common management
practices used with the intent of reduc-
ing reliance on applied nutrients were
fertilizing based on soil test results, re-
turning turfgrass clippings, and precision
tertilizer applications (Fig. 5). Using plant
growth models and stopping overseeding

were the only two management practices
that increased relative to 2014. The per-
centage of facilities using all other man-
agement practices in 2021 were either
equivalent to or less than that of 2014.
Soil analysis was the seventh most impor-
tant out of 22 nutrient application deci-
sion factors; it was used by 43% of golf
facilities with the intent of reducing reli-
ance on fertilizers and by 85% of golf fa-
ciliies on putting greens (Table 12).
Therefore, soil testing is an important
and common practice. However, basing
tertilizer decisions on soil test results does
not appear to be associated with nutrient
conservation based on the finding that
golf facilities that conducted soil tests ap-
plied more nutrients than golf facilities
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Table 8. Median nitrogen (N), available phosphorus (P,0s5), and soluble potash (K,O) use per golf facility within the
United States and regions (Fig. 1) in 2006, 2014, and 2021.

US NC! NE Pac SE SW Trans UWM
Yr Nutrients applied (tons/yr per facility)"
N
2006 5.8 a' 48a 34a 5.8a 10.0 a 12.8 a 5.1a 6.2a
2014 4.0b 2.6 ¢ 34a 4.5a 6.0b 89a 4.1a 5.2 ab
2021 35b 33b 28a 3.7 a 54b 21b 29b 38b
P,05
2006 1.6a 1.3a 1.1a 2.1a 22a 4.8 a 1.8 a 1.8 a
2014 05b 02b 04b 0.9 ab 1.7 a 13b 06b 0.9 ab
2021 05b 02Db 06b 0.7b 0.8 b 14b 05b 0.6b
K,0
2006 50a 39a 29a 4.9 a 9.7 a 10.5 a 4.7 a 4.7 a
2014 29b 15b 2.3 ab 3.4 ab 62b 4.1 ab 31b 3.3ab
2021 23c¢ 1.6b 2.0b 1.8b 47 b 30b 1.6 ¢ 1.8b

I NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWM = Upper West/Mountain.

i1 ton = 0.9072 Mg.

i Within columns, values followed by a common letter are not significantly different according to the Tukey-Kramer test at the 10% significance level.

Table 9. Frequency of United States golf facilities that reported applications of nitrogen (N), available phosphorus (P,0O5),

and soluble potash (K,O) to each golf facility feature in 2006, 2014, and 2021.

Greens Tees Fairways Roughs Practice areas Natural areas Grounds
Yr Golf facilities (%)
N
2006 99.9 a 98.1a 96.2 a 732 a 59.6 a 8.0a 56.5 a
2014 99.3 b 96.8 ab 91.7 b 652 b 59.6 a 39b 58.0 a
2021 99.5 b 96.5 b 92.7 b 64.8 b 60.4 a 38D 54.1a
P,05
2006 924 a 88.7 a 82.1a 61.1a 51.8a 6.1a 48.6 a
2014 80.5 b 652 b 514 b 322b 357 b 1.7 b 30.1b
2021 749 c 594 ¢ 495D 311b 357b 1.8b 26.1 ¢
K,O
2006 96.8 a 94.8 a 92.3a 69.3 a 57.2a 83a 545a
2014 95.0 ab 89.0b 83.0b 56.4 b 53.3Db 33Db 52.0a
2021 92.8 b 86.3 b 80.1 b 549 b 534a 320 46.0 b

! Within columns, values followed by a common letter are not significantly different according to chi-square test at the 10% significance level.

that did not (Fig. 4). These findings pro-
vide no evidence that soil testing is associ-
ated with nutrient conservation under
golf course conditions. Soil testing is in-
tended to provide an evidence-based
method of managing nutrients, but most
turfgrass soil testing research has been
conducted using greenhouses or small-
scale field studies (Guevara 2021; Kreuser
et al. 2012; Liu et al. 2008). It is un-
known why soil testing was associated
with increased nutrient rates. It is possi-
ble, if not probable, that golf facilities that
conducted soil tests were also associated
with facilities operating with greater fertil-
izer budgets. It is also possible that the in-
creased amount of nutrients applied by
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soil-testing golf facilities was necessary to
meet turfgrass performance expecta-
tions. Further research is needed
to explain the association between
soil testing and applied nutrients.
Regardless, scientists, educators, and
professionals who promote the use
of soil testing to enhance nutrient
use efficiency may need to reconsider
if and how this long-standing manage-
ment practice can be effectively imple-
mented under golf course conditions.
The reduced usage of soil tests for
nutrient applications (Fig. 5) may be
considered beneficial. Soil tests can be
used to determine if some nutrients
should be applied but cannot be used

to determine a specific amount of nu-
trient unless the soil test reccommenda-
tion is based upon a calibration conducted
on the specific turfgrass and soil from
which the sample was taken. Nationally,
the percentage of golf facilities that con-
ducted soil tests on each course feature de-
clined from 2006 to 2021 (Table 12),
which further supports the finding
that fewer golf facilities are using soil
testing to manage nutrient applica-
tions. In 2020, 13% of United States
golf facilities used reclaimed water,
which accounted for 21% of irrigation
water used on golf courses (Shaddox
etal. 2022). Reclaimed water generally
contains N and P; however, in 2021,
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Table 10. Frequency of soil extractant used for analysis of phosphorus and non-phosphorus nutrients on golf facilities

within the United States and regions (Fig. 1) in 2021.

US NC' NE Pac SE Sw Trans UWM
Extractant Golf facilities (%)
Phosphorus analysis
Saturated paste 47 45 51 44 41 60 48 51
Mehlich-3 23 18 27 19 25 12 33 15
Bray 14 23 13 21 10 18 5 21
Mehlich-1 11 7 5 14 22 - 11 3
Olsen 3 5 1 2 1 10 2 11
Modified Morgan 1 2 4 - 1 - 1 -
Nonphosphorus nutrient analysis

Saturated paste 57 56 61 59 49 79 54 67
Mehlich-3 22 18 20 22 22 10 33 14
Mehlich-1 12 10 7 14 22 - 10 3
Bray 5 5 7 5 5 5 3 9
Olsen 2 6 2 - 0 4 - 7
Modified Morgan 2 4 4 - 1 2 1 -

I NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWM = Upper West/Mountain.

tewer golf course superintendents indi-
cated they considered the nutrients in
reclaimed water with the intent of re-
ducing reliance on applied nutrients
(i.e., fertilizer) (Fig. 5). Furthermore,
golf course superintendents ranked
the nutrient content of the effluent
water source as the third least important
factor (out of 22) when making nutri-
ent application decisions (Table 11).
Management practices used with
the intent of reducing reliance on

applied nutrients were not associated
with the reduction of applied N
(Table 13). Fertilizing based on soil
test results and changing turfgrass spe-
cies and/or improved cultivars with
the intent of reducing reliance on ap-
plied nutrients were associated with
60% and 48% increases in applied N,
respectively. The increased amount of
N applied to golf facilities that used
soil testing to reduce their reliance on
applied nutrients is consistent with
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Fig. 3. Frequency of United States golf facilities that reported no applications of
nitrogen (N), available phosphorus (P,05), and soluble potash (K,O) in 2006,
2014, and 2021. Bars with a common letter are not significantly different
according to chi-square test at the 10% significance level.
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the increased N rates applied to golf
facilities that conducted soil tests (Fig.
4). As previously stated, it is not
known whether the relationship be-
tween soil testing and applied nu-
trients results in the increase in
applied nutrients, or whether the in-
crease is the result of some other fac-
tor. A future covariant survey analysis
may provide more specific and valu-
able results. Golf facilities that transi-
tion to different turfgrass cultivars
normally experience an establishment
period that often includes increased N
applied for 8 to 12 weeks to shorten
the establishment phase (Braun et al.
2021). Generally, increased N rates
are subsequently reduced when the
turfgrass is established. The amount of
N applied during turfgrass establish-
ment may partially explain the associa-
tion between golf facilities that changed
turfgrass cultivars and increased N
applied.

Similar to N, fertilizing based on
soil test results to reduce reliance on
applied nutrients was associated with
72% and 82% increases in applied P,
Os and KO, respectively (Table 13).
However, returning clippings, preci-
sion fertilizer applications, reducing
turfgrass acres, and considering N re-
lease using N mineralization models
from soil organic matter were associ-
ated with 42%, 28%, 29%, and 32% re-
ductions in applied P,Os, respectively.
Reducing turfgrass acres was also asso-
ciated with a 23% reduction in K,O ap-
plied, whereas no other management
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practice was associated with reduced
K,0 applied. As previously discussed,
these results do not provide evidence
of causality. Because facilities that indi-
cated they used soil testing to reduce
their reliance on applied nutrients were as-
sociated with applying more nutrients, it is
possible the soil test interpretation and /or
nutrient recommendations should be in-
vestigated further to determine if the nu-
trients applied were based on accurate
correlations and calibrations. It remains
unknown whether the increased amount
of P,O5 and K,O was necessary to achieve
a desired turfgrass quality. Previous re-
search has shown that the likelihood of
growing turfgrass on P- or K-deficient
soils may be rare and varies depending on
location (Shaddox and Munshaw 2020;
Shaddox et al. 2019). Therefore, it is pos-
sible, albeit unlikely, that the increased
amounts of applied P,Os and K,O were
required. Future surveys that include a
turfgrass quality component may help to
determine if the increased amounts of N,
P,0s5, and KO were necessary.

The saturated paste extract was
the most common extract used for P
and non-P nutrient analyses both nation-
ally and within each region (Table 10).
Saturated paste extraction is an evidence-
based procedure for determining salinity
(Sonnevelt and van den Ende 1971) and
acidity (Thomas 1996); however, it has
not been correlated or calibrated with
any nutrient other than boron (Keren
et al. 1985), and it has not been corre-
lated or calibrated with any nutrient ap-
plied to turfgrass. It remains unknown
how many, if any, nutrients were applied
to golf facilities as a result of using the
saturated paste extraction. However, be-
cause the finding that approximately
one-half of golf facilities used a nonevi-
dence-based method for P analysis, sci-
entists and educators should ensure that
proper soil test selection is included in
their education efforts. Educational
efforts designed to guide superintend-
ents toward the use of evidence-based
methods for P analysis and application
may aid in reducing this percentage,
which, in turn, may likely reduce
maintenance costs and environmental
risk.

The ratios of N to P,O5 and K,O
to P,Os5 varied from 1.4 to 3.4 and
from 1.5 to 2.9, respectively, depend-
ing on the course feature (Table 14).
Greens, tees, and fairways received the
greatest ratio of N to P,Os, which is
consistent with prioritizing N applications
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Table 11. Importance of factors when making nutrient application decisions on golf facilities within the United States and

regions (Fig. 1) in 2006, 2014, and 2021.

2006 2014 2021
Decision factor Importance (scale, 1-5)!
Visual observation/scouting 4.10 a" 4.09 a 4.00 b
Precipitation/temperature /weather 412 a 414 a 399b
Previous product performance on your established turf 4.08 a 4.09 a 398 b
Disease problems/pressure 4.06 a 398Db 390 c
Traffic/wear 3.77 b 3.88a 3.89a
Turf species 3.99a 3.88b 386 b
Soils/soil analysis 411 a 4.02b 3.85¢
Golfers’ expectations for turf performance 3.79 a 3.80a 374 a
Cost of fertilizer 357 ¢ 379 a 3.66 b
Length of growing season 3.77 a 374 a 3.63 b
Reduction of environmental impact i 3.6l a 344 b
Clipping production 3.35a 3.39a 340 a
Golf events calendar 3.50a 354 a 3.33b
Regulatory requirements 2.65c¢ 3.04a 290D
Turf growth prediction models 2.75b 2.83 ab 2.89a
Manufacturer recommendations 2.80 ab 2.86 a 2.77 b
University recommendations 2.71b 287 a 2.67 b
Consultant/service provider recommendations 2.62a 2.54 ab 2.47 b
Tissue analysis 249 a 2.42 ab 2.35b
Nutrient content of effluent water source 1.97 ab 1.89b 201 a
Adjacent property owner’s maintenance standards 1.77 ¢ 1.96 a 1.85b
Overseeding warm season grasses with cool-season grasses - 1.31 a 1.29 a

' Respondents rated factors using a scale of 1 to 5 scale, where 1 = not important at all and 5 = extremely important.
" Within rows, values followed by a common letter are not significantly different according to the Tukey-Kramer test at the 10% significance level.

il Not asked in 2006.

for the more visible and playable course
features. Greens, tees, and fairways receive
greater traffic than other areas of the
course; as a result, they often require
greater quantities of N relative to P,Os
to aid in recuperaton from damage
(Hoffman et al., 2010). Golf course
superintendents reported that less KO
was applied relative to P,Os5 overall and
on greens, tees, fairways, and prac-
tice areas. Potassium applications
rarely result in a direct beneficial
turfgrass response (Frank and Guer-
tal 2013) and, in fact, have been
documented to result in increased
disease incidence under some condi-
tions (Bier et al. 2018). Therefore,
reducing the ratio of K;O to P,0s
will likely have no negative impact on
turfgrass quality as long as soil po-
tassium levels are adequate (Sartain
2002).

Written nutrient management plans
can help guide nutrient applications and
result in increased nutrient use efficiency.
Nationally, 43% of golf facilities reported
having a written nutrient management
plan, with the percentage varying across
regions from 35% in the Northeast to
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52% in the North Central, respectively
(data not shown). The percentage of
golf facilities using written nutrient man-
agement plans remained equivalent to
those in 2006 nationally and within each
region. Although the percentage of facil-
ities using a written nutrient manage-
ment plan did not change from 2006 to
2021, recent educational efforts have
resulted in the development of state-
and facility-specific best management
practices, which may include written nu-
trient management plans (Golf Course
Superintendents Association of America
2021a).

The percentage of facilities using
natural organic N sources declined na-
tionally and within the North Central,
Northeast, Southwest, and Transition
regions (Table 15). Natural organic
N sources are often viewed as being
more beneficial for turfgrass and the
environment than synthetic N sour-
ces. Compared with soluble synthetic
fertilizers, natural organics contain rel-
atively low salts, thereby resulting in a
lower burn potential (Carrow et al.
2001). Furthermore, natural organic
fertilizers have been documented to

result in reduced nutrient leaching
compared with synthetic fertilizers
under some conditions (Guillard and
Kopp 2004). However, the notion
that natural organics are more bene-
ficial than synthetic fertilizers may not
be entirely accurate. When natural or-
ganic fertilizers are applied based on the
amount of N required by the plant,
greater than necessary amounts of P,Oz
are likely to be applied and may result in
greater P in runoft than synthetic fertil-
izers (Easton and Petrovic 2004 ). This
is because of natural organic fertilizers
containing a low ratio of N to P,Os,
which may be as low as 1:1 and cannot
be avoided because of both the N and
P,0s5 being contained within the same
fertilizer granule. Any amount of P,Os
applied without an evidence-based
justification increases the risk of envi-
ronmental impairment and should be
avoided. Moreover, natural organic fer-
tilizers may be as much as seven-fold
more expensive than urea (Shaddox
and Unruh 2021). Therefore, the re-
duction in the use of natural organic
sources may be beneficial both envi-
ronmentally and fiscally. Practitioners
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the 10% significance level.

should evaluate their nutrient sources
and costs to enhance environmental
stewardship and efficiency.

For the first time since 20006, the
use of slow-release N declined nation-
ally (Table 16). Concomitantly, the
use of quick-release N increased na-
tionally and within the North Central,
Northeast, and Southeast regions. It
is unknown what factors led to these
changes. However, in Nov 2021, the
cost of urea increased by more than
3.5-fold compared with the cost in
Nov 2020, reaching a historic high of
$900 per metric ton (Index Mundi
2022). Because most synthetic slow-
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Fig. 5. Frequency of management practices used on United States golf facilities with the intent of reducing reliance on
applied nutrients in 2014 and 2021. Bars with a common letter are not significantly different according to chi-square test at

release N sources used for turfgrass
management are derived from urea,
the cost of slow-release N sources
increased accordingly. Shaddox and
Unruh (2021) reported quick-release
N sources cost less than slow-release
N sources to maintain acceptable ber-
mudagrass (Cynodon dactylon), even
when applied using a method designed
for slow-release N source performance.
Therefore, the reduced use of slow-re-
lease N sources in 2021 compared
with 2006 may be a primarily financial
decision and may likely lead to cost-
savings while potentially maintaining a
desired level of turfgrass quality.

The percentage of golf facilities
using soil amendments increased with
each soil amendment except limestone
(Table 17). The most common soil
amendments used were humic substan-
ces, amino acids, and biostimulants,
with 50% or more of golf facilities using
at least one of the three. It is presumed
by many that biostimulants enhance
turfgrass beyond the response attrib-
uted to their nutrients. In fact, biosti-
mulants have been documented to
increase drought tolerance (Zhang
and Ervin 2004). However, under
low-stress conditions, biostimulants
may result in little to no turfgrass
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Table 12. Frequency of golf facilities within the United States and regions (Fig. 1) that soil-tested course features in 2006,
2014, and 2021.

Us NC' NE Pac SE SW Trans UWM
Yr Golf facilities (%)
Greens
2006 92 a' 86 a 95 a 94 a 96 a 91 a 95a 92 a
2014 91 a 85a 91b 92 a 98 a 93 a 88 b 91 a
2021 85 b 74 b 87 b 97 a 98 a 87 a 79 b 85a
Tees
2006 70 a 62 a 77 a 74 a 80 a 64 a 69 a 62 a
2014 63 b 56 a 73 a 58 a 71b 63a 63 ab 53 a
2021 57 ¢ 45 b 58 b 66 a 77 ab 60 a 53 b 50 a
Fairways
2006 75 a 66 a 78 a 77 a 83a 83a 71 a 75 a
2014 67 b 58 b 69 b 70 a 74 a 70 a 66 ab 68 a
2021 6l ¢ 48 ¢ 61 b 69 a 79 a 67 a 56 b 62a
Practice areas
2006 3la 18 a 27 a 26 a 51a 3la 32a 32a
2014 27 b 17 a 27 ab 15 a 41 b 3la 29 ab 20 b
2021 23 ¢ 10 b 21Db 19 a 38 b 28 a 26 b 17 b
Roughs
2006 22 a 10 a 21 a 16 a 34a 3la 27 a 21 a
2014 19b 10 a 18 a 13 a 25 b 25 ab 23 a 21 a
2021 14 ¢ 3b 15a 5b 23 b 14 b 23a 9b
Grounds
2006 13 a 8a 13 a 8a 19 a 11 a 16 a 12 a
2014 12 a 8a 13 a 6 ab 19 a 7 a 14 a 6a
2021 7 b 2b 9a 3b 11 b 5a 11 a 6a
Natural areas
2006 4 a 2a 3a 2a 5a 4 a 5a 5a
2014 3a la 4a 2a 2b 4a 3ab 1b
2021 1b <la 3a 2a lc la 2b 2 ab

I NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWM = Upper West—Mountain.
" Within columns, values followed by a common letter are not significantly different according to chi-square test at the 10% significance level.

benefit (Bolton et al. 2022). There-  is moot; therefore, the increased use of ~ facilities using gypsum declined to
fore, the benefit, ifany, of biostiumu-  biostimulants is questionable. From  44%. The use of gypsum is an evi-
lants applied to well-watered turfgrass 2014 to 2021, the percentage of  dence-based approach to remediate

Table 13. Association between management practice used with the intent of reducing reliance on applied nutrients and me-
dian nitrogen (N), available phosphorus (P,05), and soluble potash (K,O) applied on United States golf facilities in 2021.

Was management practice used?

Yes No Yes No Yes No
Management practice N (tons/yr)* P,05 (tons/yr) K,O (tons/yr)
Fertilize based on soil test results 440a" 275b 0.63a 0.36 b 3.08 a 1.69 b
Return clippings 344a 355a 037D 0.64 a 2.16 a 248 a
Use precision fertilizer applications 375a 326a 040D 0.56 a 2.38 a 222a
Reduce turf acreage 327a 362a 038b 0.54 a 193b 252a
Consider nitrogen release from soil organic matter 355a 347a 036D 0.53a 211a 2.36 a
Use plant growth models to determine fertilizer rates and frequency 3.96a 3.32a 0.57 a 0.44 a 2.34 a 228 a
Reduce overseeding 388a 345a 071a 0.45a 295a 222a
Use new fertilizer guidelines 440a 340a 0.60a 0.46 a 2.57 a 2.27 a
Change turf cultivar 500a 337b 041la 0.48 a 357a 219b
Consider nutrients applied in reclaimed water 319a 351la 035a 0.49 a 227 a 230 a
Stop overseeding 43la 338a 121a 042 b 3.56a 2.14 b
Compost on-site 36la 348a 0.33a 048 a 148 a 2.34a

"1 ton = 0.9072 Mg.
! Within rows and nutrient, values followed by a common letter are not significantly different according to the Tukey-Kramer test at the 10% significance level.
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Table 14. Ratios of applied nitrogen
(N), available phosphorus (P,O5),
and soluble potash (K,0O) on United
States golf facilities in 2006, 2014,
and 2021.

Yr N P205 I(ZO
Total

2006 2.6 b 1 22¢

2014 57 a 1 39a

2021 48a 1 31b
Greens

2006 30c 1 30b

2014 36a 1 34a

2021 33b 1 29b

Tees

2006 30b 1 25a

2014 34a 1 25a

2021 34a 1 2.3b
Fairways

2006 31b 1 25a

2014 3.3a 1 25a

2021 33a 1 2.3b
Roughs

2006 2.8a 1 23a

2014 29a 1 23a

2021 3.0a 1 22a
Practice

2006 29b 1 24a

2014 3.3a 1 24a

2021 3.0 ab 1 2.1b

Natural areas

2006 2.0a 1 1.6a

2014 1.7 a 1 19a

2021 14a 1 15a
Grounds

2006 28Db 1 22a

2014 3.1a 1 2.3a

2021 2.9 ab 1 2.1a

! Within columns, values followed by a common let-
ter are not significantly different according to the
Tukey-Kramer test at the 10% significance level.

sodic soils and supply sulfate to
sulfate-deficient soils (Carrow and
Duncan 2012). However, sodic soils

in the continental United States are
primarily encountered in the South-
west arid regions and rarely encoun-
tered elsewhere (Wicke et al. 2011).
Sulfur-deficient soils are also rarely en-
countered (Feinberg et al. 2021) de-
spite sulfur-deficient soils becoming
more frequent because of reductions in
sulfur dioxide emissions during the past
two decades (Chang et al. 2022).
Therefore, the high frequency of gyp-
sum use appears to be agronomically
unjustified. Determining why gypsum
is so prevalently used on United States
golf facilities would be valuable infor-
mation toward building educational
programs designed to inform turf-
grass managers when and why gyp-
sum should be used.

The number of nutrient applica-
tions per year has increased from
2006 to 2021 for each course feature
except roughs (Table 18). The abil-
ity of superintendents to have greater
control over their turfgrass nutrition
program likely explains much of this
increase. The previously noted re-
duction in slow-release N and con-
comitant increase in quick-release N
supports this postulate. When solu-
ble N sources, such as urea, are
sprayed rather than spread on the
turfgrass, more frequent applications
are often required because of the re-
duced application rate. The increased
usage of some amendments that are
commonly available in a liquid form,
such as amino acids, may also have a
role in the increase in nutrient applica-
tions. Liquid applications may allow for
a more precise application compared
with granular fertilizers but require
lower rates to minimize the risk of phy-
totoxicity. As a result, liquid fertilizers
are commonly applied frequently, but
at low rates, which may explain the in-
crease in nutrient applications.

Conclusions

From 2006 to 2021, projected
tons of N, P,Os, and K,O applied to
United States golf facilities have de-
clined by 41%, 59%, and 54%, respec-
tively. The decline was likely a result of
golf facility closures, reduced fertilized
acres, and nutrient rate reductions.
Nutrient restrictions likely influenced
the amount of P,O5 applied. The per-
centage of golf facilities that did not
apply P,Os or K,O increased from
2006 to 2021. Although the percent-
age of golf facilities that conducted
soil tests declined from 2006 to 2021,
the application of soil tests continues
to be a potential concern because
more nutrients were applied on golf
facilities that conducted soil tests
compared with those that did not.
Although soil testing may be posi-
tioned as a conservation practice, the
finding that soil testing was associ-
ated with increased N, P,O5, and K,
O application rates suggests other-
wise; therefore, additional emphasis
on the tenets of proper soil testing
(i.e., sampling, testing, interpreta-
tion, and recommendation) should
be provided. Nearly half of United
States golf facilities used the satu-
rated pasted soil extractant for soil P
analysis, which is not condoned by
turfgrass soil scientists. The most im-
portant factors used when making
nutrient application decisions remained
consistent with those of prior years
(visual observations, weather, and previ-
ous product performance). Golf course
superintendents appear to place im-
portance on nutrient management as
evidenced by the reduction in fertilized
acres on operational facilities and
the reduction of nutrient application
rates.

Table 15. Frequency of natural organic nitrogen use on golf facilities within the United States and regions (Fig. 1) in

2006, 2014, and 2021.

Us NC! NE Pac SE SW Trans UWM
Yr Golf facilities (%)
2006 64 a' 56 a 75 a 66 a 67 a 56 a 65 a 57 a
2014 61 a 51 ab 74 a 61 a 64 a 67 a 64 ab 53a
2021 54 b 47 b 56 b 56 a 62 a 36 Db 55b 62 a

! NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWNM = Upper West/Mountain.
" Within columns, values followed by a common letter are not significantly different according to chi-square test at the 10% significance level.
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Table 16. Percentage of slow- and quick-release nitrogen (N) applied on golf facilities within the United States and regions
(Fig. 1) in 2006, 2014, and 2021.

Yr Us NC! NE Pac SE SwW Trans UWM
Slow-release N (%)

2006 66 a' 70 a 69 a 60 a 65 a 57 a 62 a 65 a

2014 65 a 69 ab 71 a 59 a 62 ab 49 b 6l a 68 a

2021 62 b 66 b 63 b 54 a 60 b 48 b 6l a 68 a
Quick-release N (%)

2006 31b 28 b 29 b 35a 31b 42 b 34a 33a

2014 32b 29 b 28 b 38a 33 ab 49 a 36 a 29 a

2021 35a 32a 35a 42 a 36a 49 ab 35a 30a

I NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWM = Upper West/Mountain.
" Within columns, values followed by a common letter are not significantly different according to the Tukey-Kramer test at the 10% significance level.

Table 17. Frequency of soil amendment and supplement use on United States golf courses in 2006, 2014, and 2021.

2006 2014 2021
Soil amendment Golf facilities (%)
Used at least one amendment 76 b' 83 a 84 a
Humic materials 4l ¢ 53 Db 58 a
Amino acids/proteins 38 b 49 a 52 a
Biostimulants 43 Db 48 a 50 a
Gypsum 34 ¢ 49 a 44 b
Sulfur 8Db 27 a 25a
Limestone 22 b 26 a 22 b
Sugars (sucrose, molasses, etc.) 14 b 18 a 18 a
Microbial inoculants 14 b 20 a 18 a
Compost 13 b 14 ab 16 a
Biocontrol agents 6b 8a 10 a
Calcium chloride 5b 9a 8a
Compost teas 3¢ 8a 6b

! Within rows, values followed by a common letter are not significantly different according to chi-square test at the 10% significance level.

Table 18. Number of nutrient applications performed annually on golf facilities within the United States and regions (Fig. 1)
in 2006, 2014, and 2021.

Yr us NC! NE Pac SE SW Trans UWM

Nutrient applications (no./year)

Greens
2006 11.9 ¢ 89b 93¢ 16.1 b 20.0 b 172 b 12.1b 95b
2014 144 b 9.7b 106 b 20.7 a 30.3a 222 a 14.2 a 13.7 a
2021 16.3 a 11.0a 13.7 a 222 a 31.8a 235a 15.7 a 16.3 a
Tees
2006 54 b 52b 57b 6.7 a 65D 59b 4.7 a 38b
2014 55b 51b 54b 72a 7.7 a 8.8 a 4.3a 4.3 ab
2021 6.2a 58a 71a 75a 7.7 a 7.7 a 4.6a 4.6a
Fairways
2006 35¢ 32Db 31b 4.0 a 44D 50b 34b 2.6b
2014 40b 3.5ab 35b 53a 57a 6.3 ab 39a 30b
2021 4.6a 39a 4.6a 45a 6.5a 7.9 a 3.6 ab 4.1a
Roughs
2006 2.6a 1.8 a 2.0a 3.0a 39a 4.4 a 24 a 2.1a
2014 25a 19a 2.1a 24a 3.7a 4.8 a 2.3a 2.1a
2021 2.6a 20a 2.1a 2.8 a 39a 44a 22a 25a

! NC = North Central; NE = Northeast; Pac = Pacific; SE = Southeast; SW = Southwest; Trans = Transition; US = United States; UWM = Upper West/Mountain.
" Within columns, values followed by a common letter are not significantly different according to the Tukey-Kramer test at the 10% significance level.

Horflechnology * February 2023 33(1) 95



References cited

Association of American Plant Food Con-
trol Officials. 2017. Official publication.
Association of American Plant Food Con-
trol Officials, Inc., West Lafayette, IN,
USA.

Bier, P.V., M. Persche, P. Koch, and D.].
Soldat. 2018. A long term evaluation of
differential potassium fertilization of a
creeping bentgrass putting green. Plant
Soil 431:303-316. https://doi.org/doi.
org,/10.1007,/s11104-018-3765-8.

Bolton, C., M. Cabrera, M. Habteselassie,
D. Poston, and G. Henry. 2022. Bermu-
dagrass establishment, aesthetics, and func-
tion in response to the microbial inoculant
Klebsielln variicoln and fertilizer timing.
HortScience 57:1150-1155, https://doi.
org/10.21273 /hortscil6688-22.

Braun, R.C., E. Watkins, A.B. Hollman,
N.T. Mihelich, and A.J. Patton. 2021. In-
vestigation of cool-season species, seeding
rate, and nitrogen fertilization in sod produc-
tion: I. Establishment and sod tensile strength.
Agron. J. 113:4176-4189, https://doi.org/
10.1002 /agj2.20810.

Carey, RO., G.J. Hochmuth, C.J. Martinez,
T.H. Boyer, V.D. Nair, M.D. Dukes, G.S.
Toor, A.L. Shober, J.L. Cisar, L.E.
Trenholm, and J.B. Sartain. 2012. A re-
view of turfgrass fertilizer management prac-
tices: Implications for urban water quality.
HortTechnology 22:280-291, https: //doi.
org,/10.21273 /horttech.22.3.280.

Carrow, RN. and R.R. Duncan. 2012.
Best management practices for saline and
sodic turfgrass soils: Assessment and recla-
mation. CRC Press, Boca Raton, FL, USA.

Carrow, R.N., D.V. Waddington, and P.E.
Rieke. 2001. Turfgrass soil fertility and
chemical problems: Assessment and man-
agement. Ann Arbor Press, Chelsea, MI,
USA.

Chang, C., C. Yang, K. Huang, C. Huang,
and T. Lin. 2022. Changes of precipitation
acidity related to sulfur and nitrogen depo-
sition in forests across three continents in
north hemisphere over last two decades.
Sci. Total Environ. 806:1-14, https://doi.
org,/10.1016/j.scitotenv.2021.150552.

Easton, Z.M. and A.M. Petrovic. 2004.
Fertilizer source effect on ground and sur-
face water quality in drainage from turfgrass.
J. Environ. Qual. 33:645-655, https://
doi.org/10.2134 /jeq2004.6450.

Feinberg, A., A. Stenke, T. Peter, E. Hinckley,
C.T. Driscoll, and L. Winkel. 2021. Re-
ductions in the deposition of sulfur and
selenium to agricultural soils pose risk
of future nutrient deficiencies. Commun
Earth Environ. 2:1-8, https://doi.org/
10.1038 /5s43247-021-00172-0.

96

Frank, K. and E.A. Guertal. 2013. Potas-
sium and phosphorus research in turfgrass,
p 493-520. In: J.C. Stier, B.P. Horgan,
and S.A. Bonos (eds). Turfgrass: Biology,
use, and management. American Society
of Agronomy, Madison, WI, USA.

Gelernter, W.D., L.J. Stowell, M.E.
Johnson, and C.D. Brown. 2016. Docu-
menting trends in nutrient use and con-
servation practices on U.S. golf courses.
Crop Forage Turfgrass Manage. https://
doi.org/10.2134 /cftm2015.0225.

Golf Course Superintendents Association of
America. 2021a. Complete! Golf course envi-

ronmental BMPs established for all 50 states
https://www.gcmonline.com/course /
environment,/news/golf-course-state-bmps.

[accessed 5 Aug 2022].

Golf Course Superintendents Association
of America. 2021b. Maintenance budget
survey. https://www.gcsaa.org/resources,/
operations-surveys-reports. [accessed 6 Sep
2022].

Guevara, J.L. 2021. Effects of different
soil testing philosophies on creeping bent-
grass (Agrostis palustris Huds.) and annual
bluegrass (Poa annua) putting greens.
MS Thesis, Michigan State University,
East Lansing, MI, USA. https://doi.org/
doi:10.25335 /1qwv-2904.

Guillard, K. and W.M. Dest. 2003. Ex-
tractable soil phosphorus concentrations
and creeping bentgrass response on sand
greens. Crop Sci. 43:272-281, https://
doi.org,/10.2135 /cropsci2003.2720.

Guillard, K. and K.L. Kopp. 2004. Nitro-
gen fertilizer form and associated nitrate
leaching from cool-season lawn turf. J.
Environ. Qual. 33:1822-1827, https://
doi.org/10.2134/jeq2004.1822.

Hoffman, L., J.S. Ebdon, W.M. Dest, and
M. DaCosta. 2010. Effects of nitrogen
and potassium on wear mechanisms in pe-
rennial ryegrass: I. Wear tolerance and re-
covery. Crop Sci. 50:357-366, https://
doi.org,/10.2135 /cropsci2008.08.0473.

Index Mundi. 2022. Urea monthly price.
https: //www.indexmundi.com/commodities/
*commodity=urea. [accessed 4 Aug 2022].

Keren, R., E.T. Bingham, and J.D. Rhoades.
1985. Plant uptake of boron as affected by
boron distribution between liquid and solid
phases in soil. Soil Sci. Soc. Amer. J.
49:297-302, https://doi.org/10.2136/
$552j1985.03615995004900020004x.

Kreuser, W.C., P.H. Pagliari, and D.J. Soldat.
2012. Creeping bentgrass putting green
Mehlich-3 soil test phosphorus require-
ments. Crop Sci. 52:1385-1392, https://
doi.org/10.2135 /cropsci2011.08.0416.

Liu, M., J.B. Sartain, L.E. Trenholm, and
G.L. Miller. 2008. Phosphorus requirements

of St. Augustinegrass grown in sandy
soils. Crop Sci. 48:1178-1186, https://
doi.org,/10.2135 /cropsci2007.09.0506.

McGroary, P., T.W. Shaddox, J.L. Cisar,
J.B. Unruh, and L.E. Trenholm. 2017.
Annual nitrogen requirements of bahiagrass
lawns maintained in subtropical climates.
Int. Turfgrass Soc. Res. J. 13:1-9, https://
doi.org,/10.2134 /itsrj2016.05.0420.

Moeller, A. and J. Petrovsky. 2022. Improv-
ing playability in putting green surrounds.
https://www.usga.org/content/usga,/
home-page/course-care /green-section-
record/60,/02 /improving-playability-
in-putting-green-surrounds.html. [accessed
8 Aug 2022].

Moore, D.B., K. Guillard, X. Geng, T.F.
Morris, and W.F. Brinton. 2019. Predict-
ing cool-season turfgrass response with
solvita soil tests, part 1: Labile amino-
nitrogen concentrations. Crop Sci.
59:1779-1788, https://doi.org,/10.2135 /
cropsci2018.11.0706.

Mylavarapu, R., T. Obreza, K. Morgan,
G. Hochmuth, V. Nair, and A. Wright.
2020. Extraction of soil nutrients using
Mehlich-3 reagent for acid-mineral soils
of Florida. https://edis.ifas.ufl.edu,/ss620.
[accessed 7 Aug 2022].

National Golf Foundation. 2021. Golf
participation in the U.S. Rep 2022. Na-
tional Golf Foundation, Jupiter, FL, USA.

National Institute of Standards and Technol-
ogy. 2012. e-Handbook of statistical meth-
ods. https://doi.org,/10.18434,/M32189.
[accessed 1 Nov 2022 ].

Nikolai, T.A., D.E. Karcher, A.D. Hath-
away, and D. O’Brien. 2021. Impact of
putting green management on visible
wear damage caused by foot traffic.
Agron. J. 113:3771-3777, https://doi.
org,/10.1002 /agj2.20530.

Reicher, Z. and C. Throssell. 1998. Soil
testing for lawns. Purdue Univ, College
Agric, Coop Ext Serv AY-18. https://
www.extension.purdue.edu/extmedia/
ay/ay-18-w.pdf. [accessed 6 Sep 2022].

Rosen, C.J. and B.P. Horgan. 2005. Regula-
tion of phosphorus fertilizer application to
turf in Minnesota: Historical perspective and
opportunities for research and education.
Int. Turfgrass Soc. Res. J. 10:130-135.

Sartain, ]J.B. 2002. Tifway bermudagrass
response to potassium fertilization. Crop Sci.
42:507-512, https://doi.org/10.2135/
cropsci2002.5070.

Shaddox, T.W. and G.C. Munshaw. 2020.
Potassium for Kentucky turfgrasses. Univ
Kentucky, College Agric Food Environ,
Coop Ext Serv AGR-249. http://www2.
ca.uky.edu/agcomm,/pubs/AGR /AGR249 /
AGR249 pdf. [accessed 25 Aug 2022].

Horllechnology + February 2023 33(1)


https://doi.org/doi.org/10.1007/s11104-018-3765-8
https://doi.org/doi.org/10.1007/s11104-018-3765-8
https://doi.org/10.21273/hortsci16688-22
https://doi.org/10.21273/hortsci16688-22
https://doi.org/10.1002/agj2.20810
https://doi.org/10.1002/agj2.20810
https://doi.org/10.21273/horttech.22.3.280
https://doi.org/10.21273/horttech.22.3.280
https://doi.org/10.1016/j.scitotenv.2021.150552
https://doi.org/10.1016/j.scitotenv.2021.150552
https://doi.org/10.2134/jeq2004.6450
https://doi.org/10.2134/jeq2004.6450
https://doi.org/10.1038/s43247-021-00172-0
https://doi.org/10.1038/s43247-021-00172-0
https://doi.org/10.2134/cftm2015.0225
https://doi.org/10.2134/cftm2015.0225
https://www.gcmonline.com/course/environment/news/golf-course-state-bmps
https://www.gcmonline.com/course/environment/news/golf-course-state-bmps
https://www.gcsaa.org/resources/operations-surveys-reports
https://www.gcsaa.org/resources/operations-surveys-reports
https://doi.org/doi:10.25335/1qwv-2904
https://doi.org/doi:10.25335/1qwv-2904
https://doi.org/10.2135/cropsci2003.2720
https://doi.org/10.2135/cropsci2003.2720
https://doi.org/10.2134/jeq2004.1822
https://doi.org/10.2134/jeq2004.1822
https://doi.org/10.2135/cropsci2008.08.0473
https://doi.org/10.2135/cropsci2008.08.0473
https://www.indexmundi.com/commodities/?commodity&hx003D;urea
https://www.indexmundi.com/commodities/?commodity&hx003D;urea
https://doi.org/10.2136/sssaj1985.03615995004900020004x
https://doi.org/10.2136/sssaj1985.03615995004900020004x
https://doi.org/10.2135/cropsci2011.08.0416
https://doi.org/10.2135/cropsci2011.08.0416
https://doi.org/10.2135/cropsci2007.09.0506
https://doi.org/10.2135/cropsci2007.09.0506
https://doi.org/10.2134/itsrj2016.05.0420
https://doi.org/10.2134/itsrj2016.05.0420
https://www.usga.org/content/usga/home-page/course-care/green-section-record/60/02/improving-playability-in-putting-green-surrounds.html
https://www.usga.org/content/usga/home-page/course-care/green-section-record/60/02/improving-playability-in-putting-green-surrounds.html
https://www.usga.org/content/usga/home-page/course-care/green-section-record/60/02/improving-playability-in-putting-green-surrounds.html
https://www.usga.org/content/usga/home-page/course-care/green-section-record/60/02/improving-playability-in-putting-green-surrounds.html
https://doi.org/10.2135/cropsci2018.11.0706
https://doi.org/10.2135/cropsci2018.11.0706
https://edis.ifas.ufl.edu/ss620
https://doi.org/10.18434/M32189
https://doi.org/10.1002/agj2.20530
https://doi.org/10.1002/agj2.20530
https://www.extension.purdue.edu/extmedia/ay/ay-18-w.pdf
https://www.extension.purdue.edu/extmedia/ay/ay-18-w.pdf
https://www.extension.purdue.edu/extmedia/ay/ay-18-w.pdf
https://doi.org/10.2135/cropsci2002.5070
https://doi.org/10.2135/cropsci2002.5070
http://www2.ca.uky.edu/agcomm/pubs/AGR/AGR249/AGR249.pdf
http://www2.ca.uky.edu/agcomm/pubs/AGR/AGR249/AGR249.pdf
http://www2.ca.uky.edu/agcomm/pubs/AGR/AGR249/AGR249.pdf

Shaddox, T.W., G.C. Munshaw, and B.
Lee. 2019. Phosphorus for Kentucky turf-
grasses. Univ Kentucky, College Agric
Food Environ, Coop Ext Serv AGR-244.
http:/ /www2.ca.uky.edu/agcomm,/pubs/
AGR/AGR244 /AGR244.pdf. [accessed
25 Aug 2022].

Shaddox, T.W. and J.B. Unruh. 2021.
Determining nitrogen fertilizer cost us-
ing turfgrass response. HortTechnology
31:470-478, https://doi.org/10.21273/
HORTTECH04837-21.

Shaddox, T.W., J.B. Unruh, M.E. Johnson,
C.D. Brown, and G. Stacey. 2022. Water
use and management practices on U.S.
golf courses. Crop Forage Turfgrass Man-
age. 8:¢20182, https://doi.org,/10.1002 /
cft2.20182.

Shaddox, T.W., J.B. Unruh, and L.E.
Trenholm. 2016a. Nitrate leaching from solu-
ble nitrogen applied to ‘Floratam’ St. Augus-
tinegrass and common centipedegrass during
dormancy. Crop Sci. 56:837-844, https://
doi.org,/10.2135 /cropsci2015.02.0104.

Horllechnology + February 2023 33(1)

Shaddox, T.W., J.B. Unruh, L.E. Trenholm,
P. McGroary, and J.L. Cisar. 2016b. Nitro-
gen rate required for acceptable St. Augusti-
negrass and associated nitrate leaching. Crop
Sci. 56:439-451, https: //doi.org,/10.2135/
cropsci2015.04.0226.

Sonnevelt, C. and J. van den Ende. 1971.
Soil analysis by means of a 1:2 volume ex-
tract. Plant Soil 35:505-516. https://doi.
org/doi.org,/10.1007 /BF01372683.

Tang, K. 2018. Nitrogen requirements of
bermudagrass in south Florida as influ-
enced by soil, nitrogen source, and nitro-
gen rate. Masters Thesis, University of
Florida, Gainesville, FL., USA.

Thomas, G.W. 1996. Soil pH and soil
acidity, p 475-490. In: D.L. Sparks, A.L.
Page, P.A. Helmke, R.H. Loeppert, P.N.
Soltanpour, M.A. Tabatabai, C.T. John-
ston, and M.E. Sumner (eds). Methods of
soil analysis: Part 3. Madison, WI, USA.

Throssell, C.S., G.T. Lyman, M.E. Johnson,
G.A. Stacey, and C.D. Brown. 2009. Golf

course environmental profile measures nutri-
ent use and management and fertilizer
restrictions, storage, and equipment calibra-
tion. Appl. Turfgrass Sci., https: / /doi.org/
10.1094,/ATS-2009-1203-01-RS.

United States Golf Association. 2018.
USGA recommendations for a method of
putting green construction. http://archive.
lib.msu.edu,/tic/usgamisc/monos,/2018-
recommendationsmethodputtinggreen.pdf.
[accessed 2 Feb 2020].

Wicke, B., E. Smeets, V. Dornburg, B.
Vashev, T. Gaiser, W. Turkenburg, and
A. Faajj. 2011. The global technical and
economic potential of bioenergy from
salt-affected soils. Energy Environ. Sci.
4:2669-2681, https://doi.org,/10.1039/
C1EE01029H.

Zhang, X. and E.H. Ervin. 2004. Cytokinin-
containing seaweed and humic acid extracts
associated with creeping bentgrass leaf cyto-
kinins and drought resistance. Crop Sci.
44:1737-1745. https://doi.org/doi.org/
10.2135 /cropsci2004.1737.

97


http://www2.ca.uky.edu/agcomm/pubs/AGR/AGR244/AGR244.pdf
http://www2.ca.uky.edu/agcomm/pubs/AGR/AGR244/AGR244.pdf
https://doi.org/10.21273/HORTTECH04837-21
https://doi.org/10.21273/HORTTECH04837-21
https://doi.org/10.1002/cft2.20182
https://doi.org/10.1002/cft2.20182
https://doi.org/10.2135/cropsci2015.02.0104
https://doi.org/10.2135/cropsci2015.02.0104
https://doi.org/10.2135/cropsci2015.04.0226
https://doi.org/10.2135/cropsci2015.04.0226
https://doi.org/doi.org/10.1007/BF01372683
https://doi.org/doi.org/10.1007/BF01372683
https://doi.org/10.1094/ATS-2009-1203-01-RS
https://doi.org/10.1094/ATS-2009-1203-01-RS
http://archive.lib.msu.edu/tic/usgamisc/monos/2018recommendationsmethodputtinggreen.pdf
http://archive.lib.msu.edu/tic/usgamisc/monos/2018recommendationsmethodputtinggreen.pdf
http://archive.lib.msu.edu/tic/usgamisc/monos/2018recommendationsmethodputtinggreen.pdf
https://doi.org/10.1039/C1EE01029H
https://doi.org/10.1039/C1EE01029H
https://doi.org/doi.org/10.2135/cropsci2004.1737
https://doi.org/doi.org/10.2135/cropsci2004.1737

Supplemental Table S1. 2021 nutrient survey responses and weighting factors categorized by region (Fig. 1), facility type,
number of holes, and green fee.

Holes Green fee Golf facilities Survey responses

Region Facility type (no.) (%) (no.) (%) (no.) (%) Wt

Northeast All 9 All 647 4.6 28 1.9 2.378
Northeast Public 18 < 55 508 3.6 26 1.8 2.011
Northeast Public 18 =55 557 4.0 65 4.5 0.882
Northeast Private 18 All 579 4.1 99 6.9 0.602
Northeast All 274+ All 179 1.3 27 1.9 0.682
North Central All 9 All 1144 8.2 22 1.5 5.351
North Central Public 18 < 55 1183 8.4 64 4.4 1.902
North Central Public 18 =55 472 34 73 5.1 0.665
North Central Private 18 All 451 3.2 83 5.7 0.559
North Central All 27+ All 305 2.2 33 2.3 0.951
Transition All 9 All 640 4.6 17 1.2 3.874
Transition Public 18 < 55 818 5.8 61 4.2 1.380
Transition Public 18 =55 355 2.5 52 3.6 0.702
Transition Private 18 All 520 3.7 90 6.2 0.595
Transition All 274+ All 176 1.3 27 19 0.671
Southeast All 9 All 458 3.3 6 0.4 7.855
Southeast Public 18 < 55 744 5.3 59 4.1 1.298
Southeast Public 18 =55 503 3.6 66 4.6 0.784
Southeast Private 18 All 684 4.9 136 9.4 0.518
Southeast All 27+ All 348 2.5 62 4.3 0.578
Southwest All 9 All 241 1.7 4 0.3 6.200
Southwest Public 18 < 55 169 1.2 13 09 1.338
Southwest Public 18 =55 335 2.4 44 3.0 0.783
Southwest Private 18 All 225 1.6 40 2.8 0.579
Southwest All 27+ All 168 1.2 15 1.0 1.152
Upper West/Mountain All 9 All 384 2.7 12 0.8 3.293
Upper West/Mountain Public 18 <55 179 1.3 27 1.9 0.682
Upper West/Mountain Public 18 =55 272 1.9 59 4.1 0.474
Upper West/Mountain Private 18 All 149 1.1 35 24 0.438
Upper West/Mountain All 27+ All 75 0.5 13 0.9 0.594
Pacific All 9 All 162 1.2 6 0.4 2.778
Pacific Public 18 < 55 52 0.4 3 0.2 1.784
Pacific Public 18 =55 184 1.3 42 29 0.451
Pacific Private 18 All 112 0.8 26 1.8 0.443
Pacific All 27+ All 55 0.4 9 0.6 0.629
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