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A B S T R A C T

Management of turfgrass on golf courses and athletic fields often involves application of plant protection pro-
ducts to maintain or enhance turfgrass health and performance. However, the transport of fertilizer and pesti-
cides with runoff to adjacent surface waters can enhance algal blooms, promote eutrophication and may have
negative impacts on sensitive aquatic organisms and ecosystems. Thus, we evaluated the effectiveness of che-
mical application setbacks to reduce the off-site transport of chemicals with storm runoff. Experiments with
water soluble tracer compounds confirmed an increase in application setback distance resulted in a significant
increase in the volume of runoff measured before first off-site chemical detection, as well as a significant re-
duction in the total percentage of applied chemical transported with the storm runoff. For example, im-
plementation of a 6.1 m application setback reduced the total percentage of an applied water soluble tracer by
43%, from 18.5% of applied to 10.5% of applied. Evaluation of chemographs revealed the efficacy of application
setbacks could be observed with storms resulting in lesser (e.g. 100 L) and greater (e.g.> 300 L) quantities of
runoff. Application setbacks offer turfgrass managers a mitigation approach that requires no additional resources
or time inputs and may serve as an alternative practice when buffers are less appropriate for land management
objectives or site conditions. Characterizing potential contamination of surface waters and developing strategies
to safeguard water quality will help protect the environment and improve water resource security. This in-
formation is useful to grounds superintendents for designing chemical application strategies to maximize en-
vironmental stewardship. The data will also be useful to scientists and regulators working with chemical
transport and risk models.

1. Introduction

Tended lawns are commonly found around buildings (residential,
commericial, instituational and municipal), along roadsides, in ceme-
taries, and associated with recreational spaces such as parks, athletic
fields and golf cources. More than 32,000 golf courses are located
throughout the world with an estimated 17,000 golf courses in the
United States (Saito, 2010; World Golf, 2017; World Golf Foundation,
2017). Maintained turfgrass represents on average 67% of an 18-hole
golf course (GCSSA, 2007). Some of the most highly managed turfgrass
is found on golf courses greens and fairways where irrigation can be
more frequent and application rates of fertilizer and pesticides can
exceed those found in agricultural settings and home environments
(Barbash and Resek, 1996; Gianessi and Anderson, 1996; Smith and
Bridges, 1996). Plant protection products offer benefits to the turfgrass
systems in which they are applied. Conversely, their potential off-site

transport into nearby surface waters incites concern for aquatic biota as
excess nutrients may result in eutrophication and harmful algal blooms
and pesticides are biologically active compounds designed to interfere
with metabolic processes (Matsumura, 1985; U.S. Environmental
Protection Agency, 1999; Cohen et al., 1999; Hoffman et al., 2000;
Gilliom et al., 2006; Ansari et al., 2011). Therefore it is important to
identify management practices that will reduce the off-site transport of
plant protection products in order to lessen potential adverse impact to
surrounding areas and ecosystems.

Plant protection products can be transported from their point of
application to adjacent areas with overland flow. This has been docu-
mented with concentrations measured directly in storm runoff and in
runoff catchments, as well as supported by detection of land-applied
chemicals in surface waters throughout the world (Cohen et al., 1999;
Hoffman et al., 2000; Soulsby et al., 2004; Rice et al., 2011; Gilliom
et al., 2006; Nash et al., 2005; Xu et al., 2007; Bakri et al., 2008; Pärn
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et al., 2012; Fairbairn et al., 2016). Management practices have been
shown to reduce runoff and quantity of nutrients and pesticides trans-
ported with runoff from agricultural crops (Hansen et al., 2001; Rice
et al., 2007; Potter et al., 2015) and managed turfgrass (Cole et al.,
1997; Rice et al., 2010b; Rice and Horgan, 2011). Vegetative filter
strips or buffers, vegetative areas adjacent to surface waters designed to
intercept stormwater runoff, are an example of a mitigation approach to
reduce contaminant transport from developed property and land in
production of agricultural crops (SULIS, 2017; Lerch et al., 2017;
Franco and Matamoros, 2016; Carluer et al., 2017). In July 2015 the
Minnesota Buffer Law was established requiring landowners in Min-
nesota, USA, to implement perennial vegetation buffers on public wa-
ters; up to 15.2 m (50 ft) along lakes, rivers and streams and 5.0m
(16.5 ft) along ditches (https://mn.gov/portal/natural-resources/
buffer-law). Flexibility for alternative practices may be considered
when buffers are less appropriate for land management objectives or
site conditions; however, the alternative practice must provide water
quality benefits comparable to that provided by a buffer (https://mn.
gov/portal/natural-resources/buffer-law/practices). In suburban/
urban environments open land is less prevelant and the installation of
mixed-vegetation perennial-buffers may be less asethetically desired. In
addition, research has shown that densely uniform manicured lawns
have reduced frequency and total volume of runoff and less nutrient
loss with runoff than low maintenance lawns and residential forested
landscapes (Spence et al., 2012). For this reason our goal was to in-
vestigate application setbacks as an alternative practice to mitigate the
off-site transport of applied chemicals with runoff from turf managed as
a golf course fairway.

Golf courses can be found adjacent to natural surface waters (e.g.
rivers, lakes, oceans) as well as contain surface waters within the
course. In fact golf course designs often include water features in the
form of ponds or creeks surrounded by fairways, turfgrass maintained
between 1.27 cm and 3.18 cm height-of-cut depending on the grass
species (Kains, 2017; Kelly, 2017). These surface waters act as a hazard
to increase the challenge of play as well as improve golf course aes-
thetics, enhance drainage and water storage for irrigation, and provide
habitat for wildlife. For this research we evaluated creeping bentgrass,
the most commonly used turfgrass for fairways, putting greens and tees
in cool and humid climates (Riggs, 2008). Experiments were performed
with highly water soluble tracer compounds that would represent
transport of inorganic fertilizer or a worst-case scenario for highly

water soluble and minimally adsorbed pesticides. If proven effective,
application setback distances could offer turfgrass managers an alter-
native practice to enhance environmental stewardship through miti-
gation of nonpoint source contamination of surrounding surface waters.

2. Materials and methods

2.1. Turf plots equipped with runoff collection systems

Runoff experiments were conducted on plots (24.4m length x 6.1m
width, graded to a 5 ± 1% slope running east to west) sodded with
Agrostis palustris Huds. (L-93 creeping bentgrass) at the University of
Minnesota Turfgrass Research and Outreach Center (Saint Paul, MN,
USA). The bentgrass was managed as a golf course fairway with 1.27 cm
height of cut (3 times weekly), top-dressed with 1.6mm depth of sand
(weekly), periodically irrigated to prevent drought stress, and aerated
(11 ± 4 d prior to the runoff events) with hollow tines measuring
11.43 cm depth x 0.95 cm internal diameter, spaced 5 cm× 5 cm (Ryan
Greensaire II Aerator, Ryan, Barrington, IL, USA). The soil below the
turfgrass was characterizes as Waukegan silt loam (fine-silty over sandy
or sandy-skeletal, mixed superactive, mesic Typic Hapludolls; 55% silt,
29% sand, 16% clay) with 3% organic carbon and bulk density of
1.37 ± 0.24 g cm−3 for 0–7.62 cm depth.

Runoff collection systems were constructed at the down-slope
(western) edge of each plot, modified from the design of Cole et al.
(1997) (Fig. 1). Stainless-steel flashing directed runoff from the turf into
6.1-m gutters (horizontally-split 15.2-cm schedule 40 polyvinyl
chloride (PVC) pipe that were joined in the center with a PVC-T
(15.2 cm × 15.2 cm × 15.2 cm)). Water flowed from the gutter into a
stainless steel large 60° V trapezoidal flume (Plasti-Fab) equipped with
a bubble tube port and two sample collection ports. The gutter system
and trapezoidal flume were supported in sand-filled trenches to main-
tain appropriate conditions for accurate measurement of runoff volume
and flow rates. Gutter covers and flume shields prevented dilution of
runoff with precipitation. Runoff water samples were collected using an
automated sampler (Teledyne ISCO model 6700) equipped with a flow
meter (Teledyne ISCO model 730) that recorded water level in the
flume, reported flow rates, calculated total runoff volume and triggered
collected of 24 time-paced (5min) samples for each plot. Samples were
stored at 4 °C until analysis.

Fig. 1. Diagram of turfgrass plot experiments to evaluate the in-
fluence of application setback distances. The initial study (A and
B) utilized multiple analytically-distinct tracer compounds to (A)
compare the mobility of the four tracer compounds with runoff,
and (B) evaluate use of these multiple tracer compounds to si-
multaneously evaluate application setback distances. Subsequent
studies (C-E) evaluated the influence of application setback dis-
tances using a single tracer compound and one application set-
back distance each year during a three year study. Evaluation A
was observed on a single plot. Experiments B-E were replicated on
three plots. DFBA =2,6-Difluorobenzoic acid; TFMBA = o-
(Trifluoromethyl)benzoic acid; PFBA =Pentafluorobenzoic acid;
KBr =potassium bromide.
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2.2. Rainfall simulator

A rainfall simulator adapted from the original design of Coody and
Lawrence (1994) provided reproducible precipitation for the runoff
studies. Specific details of the rainfall simulator are described elsewhere
(Rice et al., 2010a). Briefly, 5-cm schedule 40 PVC pipe functioned as
the base of the simulator guiding water to 2.54-cm schedule 40 PVC
risers each fitted with a pressure regulator (Lo-Flo, 15 psi) and a nozzle
(No. 25) containing a standard PC-S3000 spinner (Nelson Irrigation,
Walla Walla, WA, USA) suspended 2.7m above the turf. We targeted
simulated precipitation that represented storm events in Minnesota
from April through October, which also includes a 2-h storm with re-
currence interval of 25 years (Hershfield, 1961).

2.3. Application of tracer compounds

We selected potassium bromide (KBr), a conservative tracer pre-
viously used in agricultural studies (Tyner et al., 2003, 2007), and three
fluorobenzoic acid compounds (2,6-difluorobenzoic acid (DFBA), o-
(trifluoromethyl)benzoic acid (TFMBA) and pentafluorobenzoic acid
(PFBA)), which fit a criteria of being highly water soluble and similar to
each other in chemical structure yet distinguishable from one another
during chemical analysis (Fig. 2). Potassium bromide was applied at a
higher concentration to surpass anticipated natural background levels
and accommodate an analytical methodology with a greater limit of
quantification.

For the initial experiments DFBA, TFMBA, PFBA and KBr were
dissolved in water and applied in bands 1.5 m (flow length) by 6.1m
(width of plot) using a backpack sprayer (targeted application rates:
DFBA, TFMBA and PFBA each at 32 g/m2; KBr at 55 g/m2). All four
tracer compounds were applied to a single location in order to compare
their mobility (Fig. 1A). In contrast, for the experiments evaluating the
influence of application setback distance each of the four tracer com-
pounds were applied in a band of the same size (1.5 m (flow length) x
6.1 m (width of plot)) but at a different location within the plot
(Fig. 1B). For the subsequent studies using only KBr and performed in
multiple years (Fig. 1C-E), KBr was dissolved in water and applied from
the application setback distance (0m, 6.1m, or 18.3 m from the runoff
collection gutter) to the top of the plot (24.4m from the runoff col-
lection gutter) using a 4.6m spray boom fitted with TeeJet XR8004
nozzles (TeeJet Technologies) spaced 50.8 cm apart with a sprayer
pressure of 138 kPa. Measured application rates of the KBr were
1.5 ± 0.3 g/m2 (224.7 ± 37.1 g applied) for 0–24.4 m (Fig. 1C, 0 m
setback), 1.7 ± 0.2 g/m2 (188.4 ± 20.8 g applied) for 6.1–24.4m
(Fig. 1D, 6.1 m setback) and 2.5 ± 0.2 g/m2 (92.1 ± 7.5 g applied)
for 18.3–24.4m (Fig. 1E, 18.3 m setback).

2.4. Field preparation and data collection prior to simulated precipitation

Forty-eight hours prior to initiation of simulated precipitation,

samples of irrigation source water were collected and the plots were
pre-wet beyond soil saturation to allow for collection of background
runoff samples and to ensure uniform water distribution across all plots.
Twenty-four hours later the turf was mowed (1.25 cm height, clippings
removed) and runoff collection gutters and flumes were cleaned and
covered with plastic sheeting to eliminate any potential contamination
from application spray drift. Prior to application of the tracer, Petri
dishes (glass, 14-cm) were distributed across the plots to verify delivery
and application rates. Following chemical application the plastic
sheeting and Petri dishes were removed and 12-cm rain gauges (Taylor
Precision Products, Las Cruces, NM) were distributed in a grid pattern
across each plot to quantify precipitation. Less than 3 h prior to in-
itiation of simulated rainfall the soil moisture was measured (Field
Scout TDR 300, Spectrum Technologies, Plainfield, IL). On-site wind
speeds were measured using a hand-held meter (Davis Instruments,
Hayward, CA, USA) and simulated precipitation began once wind
speeds dropped below 2m/s to avoid precipitation drift. Exceptions:
tracer application rates, precipitation measurements and soil moisture
measurements were not performed during the initial studies with the
fluorobenzoic acid tracers.

2.5. Chemical analysis

The three fluorobenzoic acid compounds were analyzed using liquid
chromatography-mass spectrometry. Chromatographic separation was
performed on a Waters Alliance 2695 Separation Module (Waters,
Milford, MA, USA)) equipped with a 2.1× 15mm Zorbax SB-
Phenylhexyl column (Agilent). All solvents were HPLC grade and se-
paration of the fluorobenzoic acid compounds was achieved under
isocratic conditions using methanol and diluted acetic acid (0.2%, v/v,
in water) at 85% MeOH 15% water. The injection volume was 50 µl and
the flow rate was 0.2 ml/min with a column temperature of 30 °C. The
mass spectrometer was a Micro Mass ZMD (Micromass, Manchester,
UK) operated in electrospray ionization negative mode. The ion source
and desolvation temperatures were 90 °C and 220 °C, respectively. The
flow rate for the nitrogen desolvation gas was ~300 L/h. Capillary and
cone voltage were 3.25 kV and 20 V, respectively. Ions monitored in
Select Ion Monitoring mode were 157, 189, 211. Analysis of source
water used for the simulated precipitation confirmed no residues of the
selected fluorobenzoic acid compounds.

Runoff water samples were analyzed for total solubilized bromide
using a bromide ion-selective electrode (Orion 9435) with a
double-junction reference electrode (Orion 9002) following U.S.
Environmental Protection Agency Method 9211 (U.S. Environmental
Protection Agency, 1996). In brief, 50-ml of runoff water was combined
with 1-ml of 5M NaNO3 as an ion strength adjustment solution and
concentrations were determined using a 5-point standard curve. Re-
agent blanks, matrix spikes, initial calibration verification standards,
and continuing calibration verification standards were used to confirm
quality control. Trace levels of bromide ion were detected in the source

Fig. 2. Structures and CAS registry numbers for the three fluorobenzoic acid compounds applied as tracers to the turfgrass plots. Abbreviations used in this manuscript are as follows:
DFBA =2,6-difluorobenzoic acid, TFMBA = o-(trifluoromethyl)benzoic acid and PFBA =pentafluorobenzoic acid.
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water used for simulated precipitation, which was subtracted from
measured concentration data for the runoff water samples prior to
calculation of chemical loads and percentage of applied KBr transported
with runoff.

2.6. Statistical analysis

Significance in the percentage of applied tracer compound trans-
ported off-site with the runoff was assessed by analyses of variance with
application setback distance as the single criteria of classification.
Coefficients of determination were calculated to evaluate the relation-
ship of percentage of applied tracer compound recovered in the runoff
with application setback distance, soil moisture prior to rainfall,
quantity and rate of precipitation, and volume and rate of runoff (Steel
et al., 1997).

3. Results and discussion

3.1. Comparison of tracer mobility

In the initial evaluation the goal was to compare the mobility of the
four tracer compounds (DFBA, TFMBA, PFBA and KBr). This was ac-
complished by applying all four tracers to the same location (7.6–9.1m
from the edge of plot, Fig. 1A) and observing their off-site transport
with runoff. Transport of the four tracer compounds with surface flow
was similar, exhibiting comparable chemographs with the initial de-
tection of the four tracers observed at 308 ± 51 L (average± standard
deviation) of runoff (Fig. 3). Distinct elevations in the chemographs
were observed at similar locations, which also corresponded to eleva-
tions in the runoff hydrograph. Based on theoretical application rates
2.1 ± 0.4% of the applied tracers were recovered with the runoff. The
quantity of runoff observed to contain 25%, 50% and 75% of the 2%
recovered tracer compounds were measured at 788 ± 152 L,
1192 ± 190 L, and 1688 ± 148 L, respectively. Overall, sufficient si-
milarity was reported in the mobility of the four tracer compounds to
validate their use in a differential application study.

3.2. Differential application of multiple tracers

The influence of application setback distance on the quantity of
chemical residues transported with runoff was evaluated with the ap-
plication of four tracer compounds to different locations within a single
plot, and replicated on three plots (Fig. 1B). Under these experimental
conditions, the KBr tracer, applied at 0.6–2.1m from the runoff col-
lection gutter, was first detected at 11 ± 2 L of runoff (Fig. 4). In-
creasing the application setback to 3.0 m (2,6-DFBA) further protected

adjacent areas by requiring 153 ± 24 L of runoff before the chemical
was first transported off-site. Likewise increasing the setback distance
to 7.6m (TFMBA) pushed the initial detection of chemical residue back
to 447 ± 48 L of runoff. The delay in chemical residue detection with
distance in application setback was statistically significant (p=0.05).
We recovered in the runoff 2.6 ± 0.6% of the applied (theoretical)
tracer compounds placed at 0.6–2.1m, 3.0–4.6 m, and 7.6–9.1m from
the runoff gutter. This is similar to the observations of the initial eva-
luation where all four tracer compounds were applied to the same lo-
cation, 7.6–9.1 m from the runoff collection gutter. Average± standard
deviation (minimum–maximum) concentrations of the tracers mea-
sured in the surface runoff were 68.3 ± 9.5mg/L (0.0–531.0 mg/L) for
KBr, 35.3 ± 19.4 mg/L (0.0–105.0 mg/L) for 2,6-DFBA and
27.1 ± 26.3mg/L (0.0–73.1mg/L) for TFMBA. There was no evidence
of chemical residue in the runoff from the KBr tracer applied at
21.3–22.9 m or PFBA applied at 22.9–24.4 m. A linear (r2= 0.99) re-
lationship was observed between the application setback distance and
the volume of runoff in which chemical residues were initially detected
for the tracers applied at 0.6m, 3.0m and 7.6m from the runoff col-
lection gutter. Therefore we would anticipate detection of the tracers
applied at 21.3–22.9 m (KBr) and 22.9–24.4 m (PFBA) with runoff from
1302 to 1397 L and 1397 to 1492 L, respectively. Calculation of the
expected runoff concentrations (assuming recovery of 2% of applied)
for these two tracer zones show they would have been 7mg/L for KBr
and 4mg/L for PFBA, 36 and 3 times greater than the concentrations of
our lowest standards in the analytical standard curves (0.2 mg/L for
KBr, 1.5mg/L for PFBA). Additional calculations assuming dilution in
the total cumulative runoff volume (3082 ± 267 L) would have re-
sulted in 3mg/L for KBr and 2mg/L for PFBA, both concentrations
within the analytical standard curve. Therefore the absence of their
detection was not the result of dilution below quantifiable concentra-
tions.

The initial occurrence data provided by this experiment demon-
strates the usefulness of application setbacks to delay contamination of
adjacent ecosystems; however, the fluorobenzoic acid tracers browned
the turfgrass, which delayed further investigations in order to allow the
turfgrass to recover. In addition, the cost of these compounds limited
their application to a 1.5 m (flow length) by 6.1m (plot width) band, an
unrealistic application scenario. Consequently modifications were made
to the research experiment for the subsequent field seasons.

3.3. Potassium bromide tracer applied multiple years

Unlike the previous experiment that utilized analytically distinct
compounds with similar transport behavior to simultaneously evaluate
application setback distances, this experiment was performed with a

Fig. 3. Comparing mobility between tracer compounds:
Runoff hydrograph and chemographs of the four tracer
compounds (KBr =potassium bromide; 2,6-DFBA
=2,6-difluorobenzoate; TFMA = o-(triflluoromethyl)
benzoate; PFBA =pentafluorobenzoate) that were ap-
plied the width of the turf plot (6.1m) and 7.6–9.1m
from the edge of plot where the runoff was collected.
The area of application represented 9.2m2. The KBr
data has been divided by 100 to accommodate the
display of all tracers on a single graph.
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single tracer compound, KBr, evaluating a single application setback
distance on three replicate plots each year (Fig. 1C-E). Advantages to
the modified study included application of the tracer compound from
the setback distance to the top of the 24.4 m plot, providing a more
realistic application scenario over the banded multi-tracer study
(Fig. 1).

3.4. Precipitation and runoff

Additional data was collected for the modified KBr experiments,
including pre-simulation soil moistures, measured tracer application
rates, and the quantity of simulated rainfall delivered to each plot
(Table 1). Simulated rainfall (n= 9 simulations) was initiated
20 ± 10 h following KBr application and terminated 90min after the
onset of runoff, resulting in precipitation lasting 110 ± 8min. Runoff
was first recorded at 17 ± 6min, 17 ± 11min, and 16 ± 6min fol-
lowing initiation of the rainfall simulation and represented
44.8 ± 14.3%, 36.9 ± 3.8% and 30.1 ± 6.1% of the precipitation
delivered to the plots with KBr applied at 0–24.4m (0–80 ft),
6.1–24.4 m (20–80 ft), and 18.3–24.4 m (60–80 ft), respectively. Cal-
culation of coefficients of determination revealed the percentage of
applied precipitation that resulted in runoff was attributed to pre-si-
mulation soil moisture (r2 = 0.87), precipitation rate (r2 = 0.90), and
precipitation depth (r2 = 0.97). A runoff hydrograph representing the
average runoff of the nine rainfall simulations is provided as the top
line in Fig. 5A.

3.5. Chemical transport with runoff

The average ± standard deviation (minimum–maximum) con-
centrations of KBr measured in the runoff of the replicate plots were as
follows: no setback [0–24.4 m area of application] = 10.5 ± 1.1mg/L
(5.7–14.6mg/L), 6.1 m setback [6.1–24.4 m area of application]
= 4.3 ± 1.2mg/L (0.1–8.7 mg/L), and 18.3 m setback [18.3–24.4 m
area of application] = 0.9 ± 0.1mg/L (0.3–2.1mg/L).

Fig. 5A presents the percentage of applied KBr transported with
runoff as the average of the three replicate plots. For the first year of
this study KBr was applied to the entire length of the plots (0–24.4m)
providing the percentage of applied KBr transported off-site with runoff
when no application setback was utilized (Table 1, Fig. 1C, Fig. 5A). In
contrast, the second and third years of this study evaluated off-site
transport of KBr with runoff when a 6.1m and a 18.3 m application
setback was established (Table 1, Figs. 1D & 2E, Fig. 5A). Quantifiable
concentrations of KBr exceeding the natural background level were first
reported at 6 ± 2 L of runoff when no application setback was prac-
ticed. Introducing an application setback of 6.1 m delayed initial de-
tection of KBr to 66 ± 42 L of runoff, while a larger application setback
of 18.3 m further protected adjacent areas by requiring 316 ± 222 L of
runoff before chemical residues were first transported off-site. In this
study, the volume of runoff at which the tracer was first measured was
less than that observed with the banded application study using the
fluorobenzoic acid tracers. We speculate the delay in detection in the
banded study was the result of dilution with runoff from the untreated
area immediately upslope. Further investigation is required to confirm
or disprove our speculation.

At the completion of the runoff events (3796 ± 721 L, n=9 si-
mulations) 18.5 ± 8.2% of the applied KBr was transported off-site
from the plots with no application setback (0–24.4 m), while
10.5 ± 1.6% and 3.7 ± 0.8% were transported off-site from plots
with a 6.1 m setback (applied from 6.1 to 24.4m) and 18.3 m setback
(applied from 18.3 to 24.4 m), respectively (Fig. 5B). Therefore im-
plementation of a 6.1m and 18.3 m application setback reduced the off-
site transport of applied water soluble tracer by 43% and 80%. This
association between increased application setback distance with re-
duced total percentage of applied chemical residue transported with
storm runoff was statistically significant (p=0.05) and described by an
exponential relationship (y= 18.20e−.087×, r2 = 0.99) better than
linear relationship (y=−0.77×+17.16, r2 = 0.94). Lerch et al.
(2017) observed reduction of herbicide loads in runoff with vegetative
buffer strips on eroded claypan soil was a function of buffer flow length
and described by first-order decay models. Others have reported linear
correlations for nutrient and pesticide removal with riparian buffer
zones (Mander et al., 1997; Aguiar et al., 2015). Correlation analysis

Fig. 4. Comparing tracer mobility as influenced by
application setback distance: Runoff hydrograph and
chemographs of the four tracer compounds
(KBr =potassium bromide; 2,6-DFBA =2,6-di-
fluorobenzoate; TFMA = o-(triflluoromethyl)
benzoate; PFBA =pentafluorobenzoate) applied at
different distances from the edge-of-plot where the
runoff was collected. The tracer compounds were
applied in 1.5-m strips extending the width of the
plot (24.4 m). The area of application for each tracer
is provided in the legend and reported as the distance
from the edge-of-plot (e.g. KBr: 0.6–2.1m represents
potassium bromide applied from 0.6m from the
edge-of-plot to 2.1m from the edge of plot, resulting
in a 1.5 m by 24.4 m (plot width) area of applica-
tion).

Table 1
Soil moistures, precipitation rates and precipitation depths measured for the runoff
events.

Runoff event identification

Soil Moisture
(%)b,c

Precipitation

Applicationa Study Year Rate
(mm/h)b

Depth
(mm)b

0–24.4 m Year-1, 3 Plots 48± 1 34±5 60±7
6.1–24.4 m Year-2, 3 Plots 41± 3 37±3 74±10
18.3–24.4 m Year-3, 3 Plots 40± 2d 46±4 80±9

a Distance (m) from runoff gutter (application start - application finish). Plot width
(6.1 m).

b Data presented as the mean± standard deviation (soil moisture n=27, precipita-
tion n=24).

c Percentage water holding capacity 3 h prior to simulated precipitation.
d Percentage water holding capacity< 3 h after simulated precipitation was 55 ± 5%

(n=18).
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with our 9 simulated rainfall-runoff experiments showed the percentage
of applied KBr transported off-site with runoff was influenced by soil
moisture (r2 = 0.50) more than precipitation quantity (r2 = 0.25) or
precipitation rate (r2 = 0.25).

Evaluating the chemographs (Fig. 5A), the maximum single-point
percentage of applied KBr transported with runoff (0–24.4 m=0.29%,
6.1–24.4 m=0.15%, 18.3–24.4 m=0.06%) occurred at 758 L, 1798 L,
and 2738 L for the plots with 0m, 6.1 m and 18.3m application set-
backs. A comparison of chemograph slopes from start of runoff to these
maximum values showed with application setbacks of 6.1m and 18.3m
the transport rates of KBr were 3 and 9 times less than from the plots
with KBr applied to the entire plot under the same environmental
conditions (Fig. 5A). This highlights the efficacy of application setbacks
even with storms delivering less precipitation than the simulated
rainstorm evaluated with this research. Looking at precipitation data
recorded for this location in the summer of 2017 we observed storm
events of less and greater magnitude than our experimental simulation
(2-h storm with recurrence interval of 25 years (31.8–38.1 mm/h) or 50
years (38.1–44.5 mm/h)) (Hershfield, 1961). Extrapolation of our ex-
perimental data to these rainfall events illustrates the estimated miti-
gation potentials of this management strategy depending on the ap-
plication setback distance and the storm characteristics (Fig. 6).

Dissipation of compounds applied to the turf can result from vola-
tilization, adsorption (to vegetation and soil), plant uptake, degrada-
tion, or transport with water by infiltration (leaching) and overland
flow (runoff) (Haith et al., 2002; Raturi et al., 2003; Magri and Haith,
2009; Rice et al., 2010a; Potter et al., 2015). For this investigation we
used highly water soluble compounds with low volatility, and simu-
lated precipitation that generated runoff less than 30 h from chemical
application. Therefore transport of the applied compounds by means of
water flow was anticipated to be the primary route of dissipation with
minimal contributions from the other pathways. Measurement of 45%
or less of the applied precipitation as runoff points to infiltration as a
key mechanism for off-site chemical load reductions with runoff. The
water holding capacity of the soil at the time of a storm event will
influence infiltration and the quantity and duration of precipitation
required to reach soil saturation, resulting in overland flow. In order to
control thatch and maintain the quality of the playing surface, golf
course fairways and greens are managed with aerification practices
(e.g. hollow tine core cultivation, verticutting) and sand top dressing,
which increases infiltration (Barton et al., 2009; Stier and Hollman,
2003). The infiltration and drainage capacity of our managed fairway
turf was measured by the rapid recovery from saturated to 55 ± 5%
soil moisture< 3 h from termination of the simulated precipitation

Fig. 5. (A) Runoff hydrograph showing the average runoff volumes (L) of 9 rainfall simulations and three potassium bromide (KBr) chemographs, each representing the average from
three rainfall simulations. Area of KBr application is provided in the legend and percentage of applied KBr in the runoff shown on the Y-axis. Application setbacks evaluated were no
setback (0–24.4 m area of application), 6.1 m setback (6.1–24.4 m area of application) and 18.3 m setback (18.3–24.4m area of application). (B) Cumulative percentage of applied KBr
measured in the runoff relative to the cumulative runoff volume. This is a cumulative summary of the chemographs provided in (A).
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(Table 1, footnote). In previous work we have found the quantity of
runoff was more important to the off-site mass transport (loading) of
plant protection products from fairway turf than the concentration of
the plant protection product measured in the runoff, highlighting the
importance of infiltration and water holding capacity on the prevention
of contamination of adjacent surface waters (Rice et al., 2010a). In this
study we have shown that application setbacks can significantly delay
the occurrence of applied chemistries in the runoff, resulting in up to an
80% reduction of these chemistries reaching adjacent areas. However
we must highlight the effectiveness of application setbacks is antici-
pated to be reduced for soils with insufficient water holding capacity.

Overall application setbacks can reduce the percentage of applied
chemicals transported off-site with runoff from turfgrass, offering a
mitigation strategy to reduce non-point source contamination of ad-
jacent surface waters and enhanced environmental stewardship.
Depending on the condition of the turfgrass, managers may choose to
use plant protection products to the edge of managed turf; however,
planning to implement application setbacks as often as possible, parti-
cularly during times of greater storms, will reduce nonpoint source
pollutant contributions from managed turf. Climatology data shows
larger storm events are becoming more frequent (Matonse and Frei,
2013; Cid et al., 2016), which points to a greater necessity for mitiga-
tion planning.

It is important to note that this experiment was performed with
conservative tracers that are water soluble and more closely represent
plant protection products such as inorganic fertilizer or pesticides with
high water solubility and minimal adsorption. Physical chemical
properties of the applied plant protection product will influence its
persistence and mobility with overland flow and should be considered
when selecting application setback distance and designing mitigation
strategies (Rice et al., 2010a; Ulrich et al., 2013; Bonmatin et al., 2015;
Yang et al., 2016). For instance application setbacks with a shorter flow
distance may be sufficient for mitigating off-site transport of plant
protection products that are less water soluble and have greater soil
sorption. Studies on vegetative buffer strips with various grass treat-
ments have shown reduction of herbicide transport with runoff was
influence by adsorption and infiltration (Lerch et al., 2017). The toxi-
city of the plant protection product and the potential duration and
timing of exposures to non-target organisms should also be considered.
A greater setback distance may be required to protect adjacent eco-
systems if the active ingredient is moderately to highly toxic to aquatic
organisms or could be transported off-site into surface waters during
sensitive lifecycle stages (Key et al., 2003; Miko et al., 2017; Zubrod
et al., 2017).

In conclusion, a direct benefit of this research is the confirmation

that application setbacks can be an effective strategy to reduce the off-
site transport of applied plant protection products with runoff from
managed turf. Application setbacks offer managers a mitigation ap-
proach that requires no additional resources or time inputs and pro-
vides options in situations where traditional vegetative filter strips are
not realistic or aesthetically desired. Indirect benefits of this research
include valuable data for refining simulation models to more accurately
predict the transport of plant protection products with runoff from
managed turf. Use of this data in modeling efforts can help conserve
resources by extrapolation to scenarios outside of the experimental
parameters and may provide information towards decision making for
product development, use or regulation.
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