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Maintaining quality golf course turf often requires irrigation and application of fertilizer. The transport of excess
nutrientswith runoff water fromhighlymanaged and fertilized biological systems to surrounding surfacewaters
has been shown to result in enhanced algal blooms and promotion of eutrophication. Environmental stewardship
includes looking for new approaches to reduce adverse environmental impacts of current practices. One strategy
is to replace traditional turfgrass with low-maintenance turfgrass species. Fescue grasses have been shown to
provide characteristics desirable for golf course fairways. Thus side-by-side studies comparing runoff from
plots planted in creeping bentgrass (CGB) or fine fescue mixture (FFM), similarly managed as a golf course fair-
way, were conducted to measure runoff volumes and the amount of ammonium nitrogen (NH4-N) and nitrate
nitrogen (NO3-N) transported off-site with runoff. Greater runoff volumes and mass of applied nutrients were
measured in the runoff from the FFM, representing a 38% and 56%median increase in the off-site mass transport
of NH4-N and NO3-N with surface flow. Shoot density, thatch depth and soil moisture were the most important
factors related to runoff volume. Results of this research will be useful to grounds superintendents and re-
searchers for selecting and developing management strategies to improve environmental stewardship of man-
aged turf while providing desired turf quality.
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1. Introduction
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Fig. 1. Runoff from creeping bentgrass (CBG) and fine fescue mixture (FFM) golf course
fairway turf following natural rainfall storm events.
Managed turf offers ecosystem services, providing habitat for wild-
life and promoting mental health and well-being (Gascon et al., 2016).
Athletic fields, golf courses, parks, cemeteries, residential lawns, com-
mercial spaces, road sides and sod farms are examples of the broad ap-
plication of managed turf in public and private settings. More than
32,000 golf courses are located throughout the world in regions includ-
ing Africa, Asia, Canada, Central America and the Caribbean, Europe,
Mexico, Oceania/South Pacific, South America and the United States
(Saito, 2010;World Golf, 2016;World Golf Foundation, 2016). Although
golf courses do not represent the largest application of managed turf
they do involve some of the most concentrated management, for put-
ting greens (10% of an average golf course) and fairways (30% of an av-
erage golf course), including frequent irrigation and use of fertilizer and
pesticides to optimize plant health and protection (Gross et al., 1990;
Cole et al., 1997; King et al., 2001; GCSSA, 2007; Lyman et al., 2007;
Carey et al., 2012; Slavens and Petrovic, 2012; Wong and Haith, 2013;
Wallace, 2016).

Water quality surveys across the globe have reported contaminants
in storm runoff, catchments and surface waters (Cohen et al., 1999;
Hoffman et al., 2000; Soulsby et al., 2004; Gilliom et al., 2006; Nash et
al., 2005; Xu et al., 2007; Bakri et al., 2008; Pärn et al., 2012; Fairbairn
et al., 2016). Included in the list of contaminants are excess nutrients
transported off-site with runoff and leaching from managed biological
systems receiving fertilizer to optimize plant health (King et al., 2001,
2007; Saha and Trenholm, 2007; Carey et al., 2012). Excess nutrients
(e.g. nitrogen, phosphorus) in surface waters can lead to enhanced
algal blooms, promotion of eutrophication or negative impacts on sensi-
tive aquatic organisms or ecosystems (Correl, 1998; Scott and
Crunkilton, 2000; Guillette and Edwards, 2005; Chislock et al., 2013).
One of the most widely recognized examples includes the hypoxic
zones in the Gulf of Mexico (Bristow et al., 2015; He and Xu, 2015;
Thomas et al., 2015).

Environmental stewardship includes looking for new approaches to
reduce adverse environmental impacts of current practices. One strate-
gy is to replace traditional turfgrass with low-maintenance turfgrass
species, particularly in light of recent restrictions on irrigation water
use and bans on certain turfgrass protection products (Miller, 2012;
Turque, 2015). Research comparing hard fescue (Festuca ovina L.) with
colonial bentgrass (Agrostis capillaris L.) under low-maintenance man-
agement showed overall turfgrass quality and performance was better
for the fescue (Oliveira Prendes and Palencia, 2015). Evaluation of
low-maintenance turfgrass mixtures managed with minimal mowing,
fertilization and watering found the best turf quality with a tall fescue
blend (Festuca arundinacea). Acceptable quality was noted for fine fes-
cue mixtures (Festuca sp.) and a tall fescue/Kentucky bluegrass (Poa
pratensis) blend (Miller et al., 2013). Research on various fescues
found hard fescue (Festuca brevipila Tracey) and sheep fescue (Festuca
ovina L.) performed well under monthly mowing (5.1 and 10.2 cm
height-of-cut) and non-mowed conditions (Watkins et al., 2010,
2011). In addition, mixtures of slender creeping red fescue (Festuca
rubra L. ssp. litoralis), hard fescue (Festuca trachyphylla (Hack.) Krajina)
and sheep fescue (F. ovina L.)were shown to be tolerant of roadside con-
ditions in Minnesota; surviving heat stress, drought, low nutrient avail-
ability, ice cover and road salt exposure (Friell et al., 2012, 2015).

Although low-maintenance fescue grasses have been shown to pro-
vide characteristics desirable for golf course fairways, our initial observa-
tions of rainfall runoff from creeping bentgrass (Agrostis palustris) (CBG)
and a fine fescue mixture (Festuca sp.) (FFM), identically managed as a
golf course fairway, showed 66% (Fig. 1A), 85% (Fig. 1B) and 51% (Fig.
1C) greater runoff volumeswith the FFM. Trendsnoted in our previous re-
search with CBG fairway turf and vegetable production systems revealed
the overall mass of chemical transported from the site of application was
influenced more by runoff volume than the concentration of chemicals
measured in the runoff (Rice et al., 2007, 2010, Rice and Horgan, 2013).
Therefore the objective of this research was to quantify the off-site trans-
port of ammonium nitrogen (NH4-N) and nitrate nitrogen (NO3-N) with
runoff from CBG verses FFMmanaged as a golf course fairway to confirm
or disprove our speculation that greater amounts of applied nitrogen
would be transported with runoff from the FFM.

2. Materials and methods

2.1. Research plots

Experiments were conducted on turf plots at the University of Min-
nesota Turfgrass Research and Outreach Center (Saint Paul, MN, USA).

Image of Fig. 1
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Turf plots (6 plots; individual plot size: 148.8m2, 24.4 m length × 6.1 m
width, 5 ± 1% slope running east to west) are composed of Waukegan
silt loam (3% organic carbon, 29% sand, 55% silt, and 16% clay) seeded
with creeping bentgrass (CBG) (Agrostis sp.) or a fine fescue mixture
(FFM) (Festuca sp.). The CBG seed consisted of Dominant Xtreme 7: a
7:3 mixture of 007 creeping bentgrass and SR 1150Creeping bentgrass.
While the FFM was made up of equal parts Chariot hard fescue,
Seabreeze GT slender creeping red fescue, Cardinal strong creeping
red fescue and Longfellow 11 chewing fescue. The six plots were identi-
cally managed as a golf course fairway with 1.25 cm height of cut (3
times weekly) and top-dressed with sand (weekly, 1.6 mm depth).
The CBG and FFMplots were periodically irrigatedwith equal quantities
of water to prevent drought stress, which was not enough to produce
surface runoff.

2.2. Rainfall simulator and runoff collection system

Specific details of the rainfall simulator and runoff collection system
are described in detail elsewhere (Rice et al., 2010). Briefly, a rainfall
simulator adapted from the original design of Coody and Lawrence
(1994)was constructed to produce precipitation similar to natural rain-
fall representing storm intensities recorded in Minnesota, USA, with re-
currence interval of 25 years (Huff and Angel, 1992). Precipitation was
delivered from a nozzle assembly (No. 25 nozzle with a standard PC-
S3000 spinner and Lo-Flo 15 psi pressure regulator; Nelson Irrigation,
Walla Walla, WA, USA) suspended 2.7 m above the turf on eighteen
risers originating from a simulator base that surrounds the periphery
of two plots (Fig. 2).

Constructed at the down-slope (western) edge of each plot was a
runoff collection system, which originated with stainless steel flashing
to guide runoff from the turfgrass into a polyvinyl chloride (PVC) gutter
followed by a stainless steel trapezoidal flume (Plasti-Fab, Tualatin, OR,
USA) that lead to an outflow reservoir designed to naturally drain or be
emptied by pump during high flow conditions. Runoff flow rates and
samples were measured and collected in the flume at the bubble tube
and sample collection ports, respectively.

2.3. Fertilizer

Granular fertilizer, ContecDG Dispersing Granule Technology 31-0-
10 (The Andersons Lawn Fertilizer Division Inc., Maumee, OH, USA)
containing 31% nitrogen (19.15% urea nitrogen, 4.88% water insoluble
nitrogen, 6.97% other water soluble nitrogen), 10% soluble potash
runoff gutter below 

gutter covers

rainfall 

simulator

rain gauge

Fig. 2.A rainfall simulator simultaneously delivered precipitation to a creeping bentgrass plot an
flume equipped with an automated sampler and flow meter for the collection of data and wat
(K2O) and 3.40% sulfur was applied at label rates using a commercial
fertilizer spreader. Applications were performed across all plots simul-
taneously in a direction perpendicular to runoffflow (direction of runoff
flow: east to west; direction of application passes: alternating from
north to south and south to north) followed by brief wetting
(b1 mm). No precipitation or additional irrigation occurred prior to ini-
tiation of simulated precipitation.
2.4. Rainfall events: Data and sample collection

Experimentswere performed in triplicate on 15–16 June 2015 (eval-
uations 1–3) and replicated 12 August 2015 (evaluations 4–6), when
the turfgrass was actively growing and air temperatures (high/low)
were 25 °C/18 °C, 22 °C/13 °C and 29 °C/18 °C, respectively.Maintenance
irrigation was used to pre-wet the plots beyond soil saturation, two
days prior to initiation of simulated precipitation, to ensure uniform
water distribution and allow for collection of background runoff sam-
ples. Irrigation/simulator matrix was collected from the water source.
The next day, all turf plots were mowed to 1.25 cm height-of-cut (clip-
pings removed) and the runoff collection systems were cleaned.

Themorning of the rainfall events the runoff collection gutters were
coveredwith plastic sheeting to prevent contamination during fertilizer
application, and Petri dishes (glass, 14-cm) were distributed diagonally
across each plot to verify fertilizer delivery and application rates. Fol-
lowing fertilizer application the plastic sheeting and Petri dishes were
removed. Berms (horizontally-split and inverted 10.2-cm schedule 40
PVC pipe) were installed to hydrologically separate each plot, and 12-
cm rain gauges (Taylor Precision Products, Las Cruces, NM) were dis-
tributed throughout each plot to quantify precipitation. A time domain
reflectometry meter (Field Scout TDR 300, Spectrum Technologies,
Plainfield, IL) measured soil moisture (n = 9 per plot) 1.2 ± 0.8 h
prior to initiation of simulated rainfall, which was generated for 2.0 ±
0.1 h once on-site wind speeds (Davis Instruments, Hayward, CA,
USA) dropped below 2 m s−1 to prevent precipitation drift.

An automated runoff sampler containing 24, 350-ml glass bottles
(ISCO model 6700, Lincoln, NE, USA) equipped with a flow meter (Isco
model 730) recorded runoff flow rates, calculated total runoff volumes
and collected water samples from each plot. At the completion of each
paired-plot evaluation the collected runoff water was removed from
the samplers and stored at−20 °C until further processing and analysis.
Soil cores (2.5-cm diameter by ≤15.2-cm depth, n = 9) were taken
throughout each plot for measurement of thatch depth and soil bulk
runoff sampler 

with flow meter

flume below 

flume covers

d a fine fescuemixture plot. Runoff from each plotwas collected in gutters and guided to a
er samples. Rain gauges dispersed throughout each plot measured precipitation.

Image of Fig. 2
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density. In addition, 10.5-cm diameter golf-cup-cutter cores (n ≥ 3)
were extracted to quantify shoot density.

2.5. Nitrogen analysis

Filtered (0.45 μm) water samples were analyzed for ammonium
nitrogen (NH4-N) and nitrate nitrogen (NO3-N) following standard
methodologies for flow injection analysis using a Lachat system
(QuikChem® Method 12-107-06-2-A and 12-107-04-1-B, http://
www.lachatinstruments.com/applications/Methods.asp) (Lachat In-
struments, Loveland, CO, USA). In summary, filtered water samples
were analyzed for ammonia by heatingwith salicylate and hypochlorite
in an alkaline phosphate buffer to produce an emerald green color
proportional to the ammonia concentrations. For NO3-N analysis
nitrate is quantitatively reduced to nitrite when the sample is passed
through a copperized cadmium column. Diazotizing of nitrite with sul-
fanilamide followed by coupling with N-(1-naphthyl)ethylenediamine
dihydrochloride results in a magenta color proportional to nitrite con-
centrations (reduced nitrate and original nitrite). Irrigation source
water samples and runoff collected prior to fertilizer application served
as matrix or background level samples. Matrix samples containing
known quantities of the applied fertilizer served as positive control
samples (NH4-N: 100 ± 8%; NO3-N: 101 ± 18% recovery).

2.6. Statistical analysis

Six plots were divided into 3 sets of paired plots with random selec-
tion of one plot planted in FFM and the other plot planted in CBG. The
rainfall simulator delivered precipitation to a single set of paired plots
concurrently; representing an individual side-by-side evaluation of
the two different turfgrass systems within a randomized complete
block design, to reduce potential variability introduced by the rainfall
simulator. Three replicate side-by-side evaluations were complete in
June then repeated a second time in August to provide a total of six
side-by-side evaluations of FFM versus CBG. Runoff volume and loads
(mg m−2) of NH4-N and NO3-N transported off-site with the runoff
were evaluated by analyses of variance (ANOVA) with turfgrass variety
(FFMor CBG) as the single criteria of classification for the data. Least sig-
nificant difference (LSD, 0.05=error degrees of freedomand 0.05 prob-
ability to determine two-tailed t values) confirmed statistical
significance between treatment means. Coefficients of determination
(r2) evaluated the relative importance of runoff volume and chemical
concentration to NH4-N and NO3-N load, as well as the relative impor-
tance of soil moisture, turfgrass characteristics and rainfall characteris-
tics to the percentage of precipitation resulting as runoff (Steel et al.,
1997).

3. Results and discussion

3.1. Runoff volume

Data and sampleswere collected frompaired plot experiments com-
paring runoff from creeping bentgrass (CBG) turf verses a fine fescue
mixture (FFM) receiving simulated rainfall for 121 ± 6 min. Observa-
tions during runoff events confirmed hydrologic isolation of runoff be-
tween plots. Recorded soil moistures, precipitation rates and
precipitation depths are provided in Table 1. Hydrographs and cumula-
tive runoff volumes for the six evaluations of the paired plots (CBG
verses FMM) are presented in Fig. 3. Time from initiation of simulated
precipitation to detection of first runoff was less for the FFM than
from the CBG (average ± standard deviation, evaluations 1–3 (Fig.
3A): FFM 21 ± 10 min, CBG 35 ± 20 min; evaluations 4–6 (Fig. 3B):
FFM 38 ± 4 min, CBG 44 ± 7 min). Statistical analysis of data along
the hydrographs revealed significantly (p = 0.05) greater volumes of
runoff from FFM plots than CBG plots for 83 ± 8% of the recorded data
(evaluations 1–6, n N 315). Cumulative volumes of runoff represented
39 ± 15% and 16 ± 7% of the applied precipitation for the FFM and
CBG, respectively (evaluations 1–6: FFM = 25.2 ± 11.1 L m−2 (mm),
CBG = 11.2 ± 4.8 L m−2 (mm)).

3.2. Nitrogen transport with runoff

The off-site transport of nitrogen with runoff from the FFM com-
pared to traditional CBG was evaluated using edge-of-plot loads
(mg m−2) calculated from measured runoff volumes and NH4-N and
NO3-N concentrations (mg L−1) in the runoff. Analysis of the source
water applied during the simulated precipitation contained negligible
levels of nutrients (NH4-N and NO3-N = 0.001 to 0.005 mg L−1),
whichwere subtracted from the concentrationsmeasured in the runoff.
During the first paired evaluation the flowmeter on the FFM plot failed
to collect flow data and samples for one hour. Missing flow data was as-
sumed as the average of the two bracketing data points; however, water
samples were not collected preventing measurement of NH4-N and
NO3-N concentrations. Therefore all discussion of chemistry data (con-
centration and load) refers to evaluations 2–6, which fulfilled simulta-
neous paired comparisons of FFM verses CBG.

Quantifiable concentrations of NH4-N, and NO3-N were detected in
the initial runoff and in all samples collected throughout the runoff
hydrograph. The minimum, median and maximum concentrations
measured in the edge of turf runoff for the five paired evaluations
(n N 580) were as follows: FFM (NH4-N) = 0.06, 0.43 and
2.96 mg L−1; CBG (NH4-N) = 0.02, 0.46 and 1.82 mg L−1; FFM (NO3-
N) = 0.31, 0.41 and 0.81 mg L−1; CBG (NO3-N) = 0.16, 0.40 and
1.75 mg L−1. Chemographs and cumulative loads of applied nitrogen
(NH4-N and NO3-N) are presented in Figs. 4 and 5. Greater cumulative
loads of nitrogen were measured in runoff of the FFM than the CBG for
each of the paired evaluations, representing a 20% to 94% (median:
38%) increase in NH4-N and a 2% to 86% (median: 56%) increase in
NO3-N with surface flow from FFM. Statistical analysis of paired data
points along the chemographs revealed significantly greater loads of
NH4-N and NO3-N transported with runoff from FFM plots than CBG
plots for 83 ± 16% (n N 315, p = 0.05) and 87 ± 5% (n N 315, p =
0.05) of the recorded data (evaluations 2–6), respectively.

Factors that affect the infiltration of precipitationwill influence over-
land flow. Researchers have shown greater soil moisture, frozen soils,
compaction and an increase in area of impervious surfaces can enhances
runoff volumes (Ankeny et al., 1995; Rice et al., 2002; Shuman, 2002;
Baldwin et al., 2008; Samaranayake et al., 2008; Atkinson et al., 2012;
Hall et al., 2016; Lundberg et al., 2016; Moghadas et al., 2016). When
evaluating the characteristics of the CBG and FFM plots we observed
similar bulk density in the top 7.6 cm of soil; however, the CBG showed
trends of greater shoot density (p = 0.01) and a thicker thatch layer
suggesting enhanced infiltration capacity relative to FFM (Fig. 6). Re-
duce rainfall infiltration with FFM was confirmed by calculating the
changes in soil moisture for each turf type resulting from the simulated
storm events. Soil moisturemeasurements recorded 1.2± 0.8 h prior to
initiation of simulated rainfall (n = 9 per plot) were subtracted from
soil moisture measurements recorded after runoff had ceased, ≤2.5 h
following termination of simulated rainfall (n = 9 per plot). Overall,
soil moisture had increased by 28.6 ± 3.9% (evaluations 1–3) and
19.4 ± 8.8% (evaluations 4–6) for CBG which was greater than the
21.8 ± 1.8% (evaluations 1–3, p=0.01) and 17.6 ± 10.4% (evaluations
4–6) increase in soil moisture observed for FFM.

The influence of turfgrass characteristics, precipitation parameters
and soil moisture on the percentage of applied rainfall resulting as runoff
was also evaluated. Others have reported alterations to runoff volumes
and runoff hydrograph shape and timing of peak flow with variance in
soil moisture and changes in storm direction and speed (Yen and Chow,
1969; Sargent, 1981; Jensen, 1984; Shuman, 2002; Seo and Schmidt,
2012). We found shoot density, thatch depth, and soil moisture were
more important than rate or duration of precipitation (FFM: thatch
depth (r2 = 0.70), shoot density (r2 = 0.63), soil moisture (r2 = 0.21),

http://www.lachatinstruments.com/applications/Methods.asp
http://www.lachatinstruments.com/applications/Methods.asp


Table 1
Soil moisture and simulated precipitation depth and rate for the six paired evaluations.

Soil moisture (%)a,b

Precipitation

Depth (mm)a Rate (mm h−1)a

CBG FFM CBG FFM CBG FFM

Evaluation - 1 22 ± 3 25 ± 5 69 ± 8 70 ± 7 37 ± 4 38 ± 4
Evaluation - 2 21 ± 3 27 ± 3 76 ± 7 70 ± 4 38 ± 3 35 ± 2
Evaluation - 3 20 ± 3 24 ± 4 74 ± 5 59 ± 8 36 ± 3 29 ± 4
Evaluation - 4 25 ± 5 27 ± 3 66 ± 7 57 ± 12 32 ± 3 27 ± 6
Evaluation - 5 29 ± 6 25 ± 4 83 ± 14 66 ± 10 39 ± 7 31 ± 5
Evaluation - 6 30 ± 3 30 ± 3 66 ± 8 83 ± 13 34 ± 4 43 ± 7

a Data presented as the mean ± standard deviation (soil moisture n = 9, precipitation n = 7).
b Measured with time domain reflectometry 1.2 ± 0.8 h prior to initiation of simulated precipitation.

537P.J. Rice, B.P. Horgan / Science of the Total Environment 580 (2017) 533–539
rainfall depth (r2= 0.06), rainfall rate (r2= 0.06), rainfall duration (r2=
0.02); CBG: shoot density (r2 = 0.67), soil moisture (r2 = 0.39), thatch
depth (r2 = 0.36), rainfall depth (r2 = 0.04), rainfall duration (r2 =
0.03), rainfall rate (r2 = 0.01)). Others have also observed the inverse re-
lationship between shoot density and runoff volume or nutrient loss. For
example the sowing density of Chinese wormwood (Artemisia capillaris)
influences water and soil conservation as the shoots contribute to a 57–
81% reduction in runoff, the roots contribute to a 46–70% reduction in sed-
iment loss and the root length density and plant number influence the
runoff rate (Zhang et al., 2014). For turfgrass, nutrient losses can be en-
hanced when root systems are not fully developed and shoot density
and surface cover are low (Wherley et al., 2015).
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Fig. 3. Runoff hydrographs and cumulative runoff volumes from rainfall simulation
studies, comparing runoff from creeping bentgrass (CBG) verses a fine fescue mixture
(FFM). Each graph is an average of three paired evaluations (CBG versus FFM)
performed in June (A) or August (B).
For both the FFM and CBG the mass (mg m−2) of applied nitrogen
transported off-site with runoff were attributed to runoff volume (L)
more than NH4-N or NO3-N concentrations (mg L−1) in the runoff
(FFM NH4-N, volume r2 = 0.79, concentration r2 = 0.20; CBG NH4-N,
volume r2 = 0.87, concentration r2 = 0.27; FFM NO3-N, volume r2 =
0.96, concentration r2=0.33; CBGNO3-N, volume r2=0.94, concentra-
tion r2 = 0.23 for evaluations 2–6). Therefore an effective mitigation
strategy to reduce the off-site transport of applied fertilizer with runoff
from the FFM would include implementation of strategies to enhance
infiltration of precipitation for reduced surface flow. Subsequent exper-
iments are planned for evaluation of cultivation practices to improve the
infiltration capacity of FFM.
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Fig. 4. Ammonium nitrogen (NH4-N) chemographs and cumulative loads from rainfall
simulation studies, comparing runoff from creeping bentgrass (CBG) verses a fine fescue
mixture (FFM). The graphs are an average of two and three paired evaluations (CBG
versus FFM) performed in June (A) or August (B), respectively.
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Fig. 5. Nitrate nitrogen (NO3-N) chemographs and cumulative loads from rainfall
simulation studies, comparing runoff from creeping bentgrass (CBG) verses a fine fescue
mixture (FFM). The graphs are an average of two and three paired evaluations (CBG
versus FFM) performed in June (A) or August (B), respectively.
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It is important to point out the results we have reported are applica-
ble to the FFM, CBG and the environmental conditions evaluated. We
anticipate that changes in turfgrass variety or the type and ratio of fes-
cues in the FFMmay produce results that differ. Comparison of species,
CBG versus FFM, required maintenance practices to be uniform across
plots and were set to CBG best practices. By definition, a low-input turf-
grass species requires less nitrogen to maintain acceptable and func-
tional playing surface. Further investigations are planned and
underway to evaluate off-site transport of plant protection products
0 2 4 6 8

Thatch (cm)

Fine Fescue Mixture

Creeping Bentgrass

Shoot Density (shoots cm-2)

Bulk Density 0-7.6 cm depth (g cm-3)

Fig. 6.Mean shoot density, depth of thatch and soil bulk density measured in the creeping
bentgrass (CBG) and fine fescue mixture (FFM) turf plots. Standard deviations of the
means are presented as error bars.
following reduced irrigation and application rates. Although we ob-
served greater runoff and transport of nitrogen with runoff from FFM
managed in a way optimal for CGB, we anticipate improved environ-
mental stewardship with FFM as a result of reduced inputs (e.g. irriga-
tion, fertilizer and pesticides) and reduced off-site transport of plant
protection products with runoff when FFM maintenance more closely
supports the needs of the species.

The potential leaching of nitrate to groundwater or to subsurface
drainage systems that direct flow to surface waters is also a concern
and evaluated in the research of others (Ferchaud and Mary, 2016;
King et al., 2006). For a recent review of nitrogen research in turfgrass
we direct reader's attention to Frank and Guertal (2013). Our research
plots were designed and instrumented to evaluate contaminant trans-
port with runoff as we speculate this direct transport of applied plant
protection products (e.g. fertilizer, pesticides) would produce greater
loads of excess nitrogen and organic contaminants to surrounding eco-
systems than loads transported off-site by way of infiltration through
thatch and soil, where sorption or degradation have been reported to
occur (Magri and Haith, 2009; Raturi et al., 2001). Lessons learned
with our research and that of others working on golf course turf may
be applicable to enhancing the environmental stewardship and ecosys-
tem services of managed turf in recreational (sport fields and parks),
residential (home and commercial lawns) or agricultural areas (vegeta-
tive buffers adjacent to agricultural crops). With turf representing a
large quantity of pervious surfaces found in urban and suburban areas
the stewardship of managed turf can impact improvements to surface
water quality.
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