
Science of the Total Environment 456–457 (2013) 61–68

Contents lists available at SciVerse ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Evaluation of nitrogen and phosphorus transport with runoff from fairway turf
managed with hollow tine core cultivation and verticutting☆

Pamela J. Rice a,⁎, Brian P. Horgan b

a U.S. Department of Agriculture, Agricultural Research Service, 1991 Upper Buford Circle, St. Paul, MN 55108, USA
b Horticulture Department, University of Minnesota, St. Paul, MN 55108, USA

H I G H L I G H T S

• We compared runoff from turf managed with hollow tines (HT) or HT and verticutting.
• We hypothesized verticutting would further reduce fertilizer transport with runoff.
• Alteration of risk associated with changes in management practices was not observed.
• Water quality limits for phosphorus were exceeded in ponds receiving the turf runoff.
• Levels of nitrogen in a pond receiving runoff were below surface water standards.
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Enrichment of surface waters with excess nutrients is associated with increased algal blooms, euthrophication
and hypoxic zones, as reported in the northern Gulf of Mexico. A source of nutrients to surface waters results
from fertilizer runoff. Management strategies used to maintain turf on golf courses and recreational fields
often include aerification and application of fertilizer. Although research exists on benefits of core cultivation
and verticutting (VC) to reduce thatch and the transport of applied chemicals with runoff, there are no studies
reporting the effect of coupling these management practices with the goal of further reduction of off-site trans-
port of fertilizer with runoff. We hypothesized that the addition of VC to hollow tine core cultivation (HTCC)
would enhance infiltration of precipitation, reduce runoff and nutrient transport with runoff and therefore influ-
ence concentrations of nutrients in surface waters receiving runoff from turf managed as a golf course fairway.
Greater runoff andmass of soluble phosphorus and ammoniumnitrogen transportedwith runoff weremeasured
fromplotsmanagedwithHTCC+VC thanHTCC; however, the reversewas noted for nitrate nitrogen. Only a por-
tion of the observed trends proved to be statistically significant. Our research showed no reduction or enhance-
ment of risk associated with surface water concentrations of phosphorus or nitrogen, resulting from runoff from
creeping bentgrass turf that wasmanagedwith HTCC+VC compared to HTCC. Data obtained in this researchwill
be useful to grounds superintendents when selecting best management practices and to scientists seeking data
relating runoff to land management for watershed-scale modeling.

Published by Elsevier B.V.
1. Introduction

Managed turf is found in both public and private settings; in parks
and cemeteries, along road sides and right-of-ways, as residential and
commercial lawns, as sod farms, and on athletic fields and golf courses.
; (NCC), no core cultivation;
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In the United States an estimated 16million hectares of land is covered
by tended lawn (Milesi et al., 2005). There are an estimated 35,000 golf
courses worldwide with the approximately 17,000 golf courses in the
United States, more than 2,300 golf courses in either Canada, the United
Kingdom or Japan, and approximately 1,500 golf courses in Australia
(Saito, 2010).

Nitrogen and phosphorus are important plant nutrients that are
often applied to highly managed biotic systems, including golf course
turf. Approximately one-third of a typical golf course is comprised of
fairways (Lyman et al., 2007; Watson et al., 1992). Runoff from golf
course fairways may contribute to the degradation of water quality in
surrounding surface waters depending on the quantity of runoff and
level of contaminants. Shuman (2002) observed that the mass of phos-
phorus in runoff from golf course fairway turfwas directly related to the
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fertilizer ratewith the initial runoff event containing themajority of the
transported phosphorus. King et al. (2001) observed storm runoff from
a golf course in Texas contributed an estimated 2.3 kg ha−1 of nitrate
and nitrite nitrogen and 0.33 kg ha−1 of orthophosphate to a stream
during a 13-month period.

The presence of excess nutrients in surface waters may be harmful
to lake biota and human health when at levels that produce undesir-
able consequences such as eutrophication or harmful algal blooms
(Correl, 1998; Lake Scientist, 2012). In addition, nitrate has been
suspected to be an ecologically relevant endocrine disruptor that
can alter hormone regulation, causing morphological abnormalities
(Guillette and Edwards, 2005). When found in drinking water, nitrate
exposure may result in methemoglobinemia, a potentially lethal con-
dition known as blue baby syndrome (Knobeloch et al., 2000; United
States Environmental Protection Agency, 1986). To combat these
concerns, water quality guidelines have been proposed to limit phos-
phorus and nitrogen concentrations in surface waters. For example,
criteria have been established to limit total phosphorus concentra-
tions to 0.025 mg L−1 within lakes or reservoirs, 0.05 mg L−1 in
streams draining into lakes or reservoirs and 0.1 mg L−1 in streams
or flowing waters not directly discharging into lakes or reservoirs
(Schindler, 1977; United States Environmental Protection Agency,
1986). Nitrate nitrogen water quality standards have recently been
proposed for surface waters that support aquatic life and recreation
(class 2). These draft standards are based on aquatic life toxicity test
reported in the scientific literature and completed by the by the U.S.
Environmental Protection Agency. The acute standard (maximum
concentration at any time) has been set at 41 mg L−1 NO3–N. Chronic
standards (four day average concentrations that can not be exceeded
more than once in a three year period) have been set at 3.1 mg L−1

NO3–N (class 2A — cold water community) and 4.9 mg L−1 NO3–N
(class 2B — cool-warm water community); levels that are more re-
strictive than the existing drinking water standard for human health
set at 10 mg L−1 NO3–N (United States Environmental Protection
Agency, 1986; Monson, 2010; MPCA, 2010).

Recreational fields and golf courses and are subject to foot and vehi-
cle traffic; resulting in turf wear, soil compaction and reducedwater in-
filtration (Dunn et al., 1995; Baldwin et al., 2008). These green spaces
are oftenmanaged to alleviate surface compaction, enhance water pen-
etration, stimulate root and shoot growth and control thatch (Barton et
al., 2009; Beard, 1973; Callahan et al., 1998; Carrow et al., 1987; Dunn et
al., 1995; Rowland et al., 2009; Turgeon, 1985; Vargas and Turgeon,
2004; White and Dickens, 1984). While thatch is beneficial to enhance
turf durability, moderate soil temperatures and lessen weed invasion,
an excessive thatch-mat can increase disease and pest pressure, lessen
cold temperature tolerance, and reduce water infiltration and hydraulic
conductivity (Beard, 1973;White and Dickens, 1984;Murray and Juska,
1977; Harris, 1978;Miller, 1965). Verticutting (VC) and core cultivation
are two management practices used to remove excess thatch on sports
fields and golf course fairways and putting greens (Barton et al., 2009;
Stier and Hollman, 2003). Core cultivation with hollow tines (HTCC)
removes cores from the turf, which are deposited on the turf surface
and allowed to air-dry before the soil is brushed back into the open
holes and the extracted thatch is removed. Verticutting uses rotating
blades to slice into the turf to remove dead plant material and thatch,
promoting new turf growth and preparing seedbeds for overseeding.
Core cultivation or verticutting of turfgrass promotes water conserva-
tion as these management strategies increase water movement into
the turfgrass root zone; resulting in greater infiltration of rainfall, en-
hanced rooting depth that reduces water leaching beyond the root
zone, and healthier turf that requires less water and need for pest con-
trol (Waltz, 2007). The frequency of these practices (two to three times a
year or as often as every 10 days) and their associated costwill varywith
turfgrass species andweather conditions, as they are typically performed
when the turfgrass is growing and not under stress (e.g. spring and fall)
(Torisello, 2007).
Evaluation of runoff and the transport of nutrients, plant protection
products and soil with runoff has been documented around theworld at
multiple scales; including plot-, field-, watershed- and catchment-scale
monitoring andmodeling (Cohen et al., 1999; Soulsby et al., 2004; Nash
et al., 2005; Xu et al., 2007; Bakri et al., 2008; Vadas et al., 2008; Thomaz
and Vestena, 2012; Donn et al., 2012; Pärn et al., 2012). For example, in
Australia, moderate to high levels of nitrogen and phosphorus were
measured in a catchment with noted increases in nutrients occurring
as the stormwater passed through the urban areas (Bakri et al., 2008).
A modeling assessment of runoff in a watershed in Brazil showed adop-
tion of conservation practices that increased water infiltration would re-
duce runoff and total nitrogen and total phosphorus transported with
the runoff (Rocha et al., 2012). Plot- and field-scale research has docu-
mented the influence of management and cultural practices on runoff
and chemical transport with runoff from highly managed biotic systems,
including turfgrass (Wauchope et al., 1990; Cole et al., 1997; Kauffman
and Watschke, 2007; Rice et al., 2010; Rice and Horgan, 2011; Rice et
al., 2011) and agricultural crops (Hansen et al., 2001; Potter et al., 2004;
Rice et al., 2007). In addition, reduced surface runoff has been observed
from turfgrass compared to tilled soils (Gross et al., 1990) and fromcreep-
ing bentgrass (Agrostis palustris Huds.) turf relative to perennial ryegrass
(Lolium perenne L.) turf (Linde et al., 1995). Documenting and adopting
practices that reduce the off-site transport of nutrients and pesticides
with overland flow or runoff will help maintain plant nutrient or protec-
tion products at their site of application, therefore enhancing efficacy
while reducing contamination and unintended affects in adjacent areas.

The objective of the present study was to identify which cultural
practice, hollow tine core cultivation (HTCC) or HTCC with verticutting
(HTCC+VC), maximizes phosphorus and nitrogen retention at the site
of fertilizer application, therebymaintaining turf qualitywhileminimiz-
ing adverse environmental effects associated with the off-site transport
of nutrients. Edge-of-plot runoff and the concentration of soluble phos-
phorus (sol-P), ammonium nitrogen (NH4–N), and nitrate nitrogen
(NO3–N) in the runoff were measured to determine the mass load of
nutrients transported with runoff. Estimated environmental concentra-
tions of phosphorus and nitrogen in a surface water receiving runoff
from turf were calculated using our plot load data and reported runoff
area and pond volumes measured at a local golf course. These surface
water concentrations were compared with water quality criteria to de-
termine which management practice is most efficient at mitigating en-
vironmental risk.

2. Materials and methods

2.1. Turf plots, runoff collection system and rainfall simulator

Experiments were conducted at the University of Minnesota (Saint
Paul, MN, USA) on turf plots (6 plots; individual plot size: 148.8 m2,
24.4 m length × 6.1 m width) managed as a golf course fairway.
A. palustris Huds. (L-93 creeping bentgrass) covered Waukegan silt loam
(3% organic carbon, 29% sand, 55% silt, and 16% clay) that was graded to
a 4% slope running east to west. Runoff collection systems, described in
detail elsewhere (Rice et al., 2010), were constructed at the western
edge of each plot. In short, stainless steel flashing guided runoff from
each turf plot into a polyvinyl chloride (PVC) gutter which led to a stain-
less steel trapezoidal flume (Plasti-Fab, Tualatin, OR, USA) equipped with
bubble tube and sample collection ports. Gutter covers and flume shields
prevented dilution of runoff with precipitation.

A rainfall simulator,modified from the design of Coody and Lawrence
(1994), was constructed to delivered precipitation with a droplet size
spectrum and impact velocity similar to natural rainfall. The base of the
simulator surrounded two plots and guided water to eighteen risers
equipped with a pressure regulator (Lo-Flo, 15 psi), nozzle (No. 25)
and standard PC-S3000 spinner (Nelson Irrigation, Walla Walla, WA,
USA) suspended 2.7 m above the turf. Specific details of the rainfall sim-
ulator are published elsewhere (Rice et al., 2010).



63P.J. Rice, B.P. Horgan / Science of the Total Environment 456–457 (2013) 61–68
2.2. Turf management

Creeping bentgrass turf was managed as a fairway with 1.25 cm
height of cut (3 times weekly, clippings removed), top-dressed with
sand (weekly, 1.6 mm depth) and irrigated to prevent drought stress.
The quantity of water applied with the maintenance irrigation was
not enough to produce surface runoff.

Fifteen days (15 ± 1 days) prior to simulated precipitation and col-
lection of runoff, all plots were aeratedwith hollow tines (0.95 cm inter-
nal diameter × 11.43 cm depth with 5 cm × 5 cm spacing) (Ryan
Greensaire II Aerator, Ryan, Inc., Barrington, IL). Cores removed with
the hollow tines were allowed to dry and worked back into the turf. A
back-pack blower and leaf rake removed the turf and thatch from the
plot surface. Seven days following core cultivation, three of the six
plots were verticut with 1 mm blades (spaced 3.8 cm apart, slicing to a
1.9 cm depth) (Turfco TriWave Overseeder, Turfco Manufacturing Inc.,
Blaine, MN).

2.3. Fertilizer

Granular fertilizer, Plant Nutrient 18-3-18 (Agriliance, Inver Grove
Heights, MN, USA), containing 18% nitrogen (9.72% urea nitrogen,
0.63% ammoniacal nitrogen, 3.15% water insoluble nitrogen, 4.50%
methylene urea), 3% available phosphate (P2O5), and 18% soluble
potash (K2O) was applied across all plots simultaneously in a
direction perpendicular to runoff flow (direction of application
passes: alternating from south to north and north to south; direction
of runoff flow: west to east) at a rate of 136.5 kg ha−1, which was
followed by brief irrigation (b1 mm) with the maintenance irrigation
system. No additional irrigation or precipitation occurred between
completion of the fertilizer application and initiation of simulated
precipitation.

2.4. Simulated precipitation

Forty-eight hours prior to initiation of simulated precipitation
each plot was pre-wetted beyond soil saturation to ensure uniform
water distribution and allow for collection of background runoff
samples. The following day the turf was mowed (1.25 cm height, clip-
pings removed) and runoff collection gutters and flumes were
cleaned and covered with plastic sheeting to prevent contamination
during chemical application. Petri dishes (glass, 14-cm) were distrib-
uted across the plots to verify delivery and application rates. Plastic
sheeting and Petri dishes were removed following chemical applica-
tion (14.5 ± 3.2 h prior to simulated precipitation) and 12-cm rain
gauges (Taylor Precision Products, Las Cruces, NM) were distributed
throughout each plot to quantify precipitation. Within 3 h prior to
initiation of simulated precipitation soil moisture was measured
with a soil moisture meter (Field Scout TDR 300, Spectrum Technolo-
gies, Plainfield, IL). Wind speeds were measured on-site with a
hand-held meter (Davis Instruments, Hayward, CA, USA) and simu-
lated precipitation was initiated once wind speeds dropped below
2 m s−1, preventing precipitation drift as a result of high wind
speeds. Plots were hydrologically isolated with removable berms
(horizontally-split 10.2-cm schedule 40 PVC pipe, inverted to rest
on the cut edges) and observations during runoff events showed no
water movement between plots. Simulated precipitation events
(duration: 1.9 ± 0.1 h, rate: 39 ± 3 mm h−1) represented storm in-
tensities recorded in Minnesota, USA, during July through October
with recurrence interval of 25 years (Huff and Angel, 1992).

2.5. Runoff collection and analysis

An automated flow meter (Isco model 730, Lincoln, NE, USA) and
runoff sampler containing 24, 350-ml glass bottles (ISCOmodel 6700)
recorded runoff flow rates every minute, calculated total runoff
volumes and collected time-paced (5 min) runoff samples from each
plot. Water samples were removed from the automated samplers and
stored at −20 °C respectively, until laboratory measurement. Runoff
water collected from the turf plots 48 h prior to chemical application
and water collected from the water source supplying the rainfall
simulator served as runoff water and irrigation water matrix samples.
Matrix samples spiked with known quantities of the applied chemicals
served as positive control samples.

Water samples were analyzed for soluble phosphorus (sol-P), am-
monium nitrogen (NH4–N), and nitrate nitrogen (NO3–N). Soluble P
was quantified from filtered (0.45 μm) water samples following stan-
dard methodologies for molybdenum blue reaction and spectropho-
tometric quantification (Murphy and Riley, 1962; Self-Davis et al.,
2000). Levels of NH4–N and NO3–N were determined by the
diffusion-conductivity method involving the gaseous diffusion of
ammonia (NH3) across a gas permeable membrane in the presence
of excess potassium hydroxide (KOH) with subsequent conductivity
detection (Carlson et al., 1990).
2.6. Calculation of nutrient loads with runoff and nutrient concentrations
in receiving surface waters

Nutrient loads (LN, mg m−2) transported with runoff for each time
point were calculated by LN = Σ (CN • R • T)/AP considering measured
nutrient concentration (CN, mg L−1) in the filtered runoff water, flow
rate (R, L min−1) at time of sampling, time (T, min) between samples
and area (AP, m2) of the turf plot. Concentrations of nutrients in a
surfacewater receiving runoff from fairway turfwere calculated using in-
formation from a golf course, located less than 20 miles from the study
site, characterizing the area of turf contributing to overland flow and di-
mensions of a pond receiving the runoff (http://www.pca.state.mn.us/
publications/stormwaterresearch-eaglelake.pdf, pond 4 sub-watershed).
Using this scenario, nutrient concentrations in a receiving surface
water (SNC, mg L−1) were calculated by SNC = (LN • (AGC • PFT))/SV
considering nutrient loads in the edge-of-turf runoff (LN, mg m−2),
area of the golf course (AGC, 5641 m2) contributing runoff to the
receiving surface water, the estimated percentage of the golf course
represented by fairway turf (PFT, 0.33 or 33%) (Lyman et al., 2007;
Watson et al., 1992), and the volume (SV, 440,000 L) of the receiving
surface water (Rice and Horgan, 2011). Nutrient concentrations of the
surface water were compared to water quality criteria and drinking
water standards to evaluate which management plan is the most
efficient at mitigating environmental risk.
2.7. Statistical analysis

The rainfall simulator was limited to delivering precipitation to
two of the six plots concurrently; requiring the runoff event to be
completed in three parts. As a result, a randomized complete block
design was used to assign one of each evaluated management prac-
tices to a block, providing three replicate side-by-side comparisons
for each runoff event and eliminating potential variability introduced
by the rainfall simulator. Calculation of F-ratios (0.05) showed homo-
geneity of variance between management practices within a runoff
event and across runoff events (http://www.acastat.com/Statbook/
fratio.htm). Analyses of variance were performed to evaluate runoff
volumes and nutrient loads, with management practices as the
single criteria of classification for the data. Statistical significance
between treatment means was confirmed by least significant
difference (LSD, 0.05 = error degrees of freedom and 0.05 probabil-
ity to determine two-tailed t values). Coefficients of determination
(r2) were calculated to determine the proportional importance of
runoff volume and chemical concentration to chemical load (Steel
et al., 1997).

http://www.pca.state.mn.us/publications/stormwaterresearch-eaglelake.pdf
http://www.pca.state.mn.us/publications/stormwaterresearch-eaglelake.pdf
http://www.acastat.com/Statbook/fratio.htm
http://www.acastat.com/Statbook/fratio.htm


64 P.J. Rice, B.P. Horgan / Science of the Total Environment 456–457 (2013) 61–68
3. Results

3.1. Simulated precipitation and runoff volume

Replicated runoff experiments were conducted October 4–5, 2006
(event-1) and August 11–12, 2009 (event-2), while the turf was ac-
tively growing (air temperatures max/min: 24 °C/11 °C, event-1;
31 °C/17 °C, event-2). Simulated precipitation was initiated 15.3 ±
2.7 h (event-1) and 13.7 ± 3.6 h (event-2) following the application
of the fertilizer and terminated 90 min after the onset of runoff. Soil
moisture, precipitation depth and precipitation rates are presented
in Table 1. Hydrographs and cumulative runoff volumes representing
the average of treatment replicates for each runoff event are provided
in Fig. 1A and B. Comparison of runoff measurements along the
hydrograph shows greater runoff from HTCC+VC than HTCC for
68 ± 22% (53 ± 22% significant at 5%) of the samples. Overall,
cumulative runoff measured from plots receiving HTCC were 10%
and 11% less than plots managed with HTCC+VC; however, the
difference in cumulative runoff between management practices was
not statistically significant (event-1: HTCC = 25.8 ± 1.2 L m−2 (mm),
HTCC+VC = 28.7 ± 3.0 L m−2 (mm); event-2: HTCC = 26.2 ±
6.4 L m−2 (mm), HTCC+VC = 29.3 ± 1.6 L m−2 (mm)). The percent-
age of applied precipitation as runoff from turf managed with HTCC
(36 ± 1.7%) or HTCC+VC (38 ± 0.4%), 2 days after saturation to field
capacity, is in line with the findings of Shuman (2002) where 37 to 44
% of applied precipitation (50 mm)was reported as runoff from fairways
of Tifway bermudagrass (Cynodon dactylon (L.) Pers.), 2 days following
irrigation to field capacity.

3.2. Nutrient transport with runoff

The off-site transport of nutrients with runoff from plots managed
with hollow tine core cultivation, with or without verticutting, was
evaluated using edge-of-plot chemical loads calculated from mea-
sured runoff and chemical concentrations (mg L−1) in the runoff.
Analysis of the source water applied as maintenance irrigation and
simulated precipitation contained negligible levels of nutrients
(sol-P, NH4–N and NO3–N = 0.001 to 0.005 mg L−1), which were
subtracted from the concentrations measured in the runoff. Soluble
phosphorus, NH4–N, and NO3–N were detected in the initial runoff
sample and throughout the runoff events. The minimum, median
and maximum concentrations measured in the edge of turf runoff
for all replications in the two runoff events (n > 550) were as fol-
lows: HTCC (sol-P) = 0.18, 0.57 and 1.67 mg L−1; HTCC+VC
(sol-P) = 0.15, 0.58 and 1.96 mg L−1; HTCC (NH4–N) = 0.28, 0.60
and 5.39 mg L−1; HTCC+VC (NH4–N) = 0.28, 0.65 and 6.84 mg L−1;
HTCC (NO3–N) = 0.09, 0.34 and 0.94 mg L−1; HTCC+VC (NO3–N) =
0.05, 0.27 and 0.87 mg L−1. Chemographs of nutrient loads and cumula-
tive loads of the applied nutrients are presented in Fig. 1C–H. Compari-
son of runoff samples represented in the chemographs showed
HTCC+VC resulted in greater loads than HTCC in 77 ± 7% (54 ± 18%
significant at 5%) of the sol-P samples (Fig. 1C and D) and 80 ± 12%
(69 ± 20% significant at 5%) of the NH4–N samples (Fig. 1E and F). Ni-
trate nitrogen (NO3–N) loads were greater from HTCC than HTCC+VC
Table 1
Soil moistures, precipitation depths and precipitation rates measured for the runoff
events.

Precipitation

Soil moisture (%)a,b Depth (mm)a Rate (mm h−1)a

Runoff event – 1 41 ± 3 75 ± 7 37 ± 2
Runoff event – 2 41 ± 2 75 ± 7 40 ± 2

a Data presented as the mean ± standard deviation (soil moisture n = 27, precipi-
tation n = 36).

b Percentage water holding capacity 3h prior to simulated precipitation.
in 64 ± 6% (51 ± 25% significant at 5%) of the samples (Fig. 1G and
H).With the exception of NO3–N, the totalmass of chemicals transported
with runoff (cumulative load) from plots managed with HTCC+VC
exceeded that of plots managed with HTCC. Runoff from plots receiving
HTCC+VC contained 4% and 33% greater loads of sol-P (Fig. 1C) and
NH4–N (Fig. 1E) for event-1 and 20% and 14% greater loads of sol-P
(Fig. 1D) and NH4–N (Fig. 1F) for event-2 than plots managed with
HTCC. A reverse trend was noted for NO3–N where 10% and 31% greater
loads were measured in runoff from plots managed with HTCC (Fig. 1G
andH). However, statistical analysis of sol-P, NH4–NandNO3–N cumula-
tive loads for HTCC versus HTCC+VC revealed only NH4–N in event-1
(Fig. 1E) was statistically significant. Evaluation of a larger number of
runoff events may reveal greater statistical significance between these
management practices. For both management practices (HTCC and
HTCC+VC) the off-site transport of applied nutrients with runoff were
attributed to runoff volume more than nutrient concentrations in the
runoff (HTCC, volume r2 = 0.72, concentration r2 = 0.12; HTCC+VC,
volume r2 = 0.68, concentration r2 = 0.40).

3.3. Nutrient concentrations in a surface water receiving turf runoff

Regardless of the management practice evaluated (HTCC or
HTCC+VC), the range of concentrations of sol-P measured in the
undiluted runoff, and projected to occur as diluted concentrations in a
pond receiving the runoff, exceeded guidelines to limit eutrophication
(total phosphorus guidelines: 0.025 and 0.05 mg L−1) (Schindler,
1977; United States Environmental Protection Agency, 1986); runoff:
0.18 to 1.67 mg L−1 (HTCC) and 0.15 to 1.96 mg L−1 (HTCC+VC);
pond: 0.056 mg L−1 (HTCC) and 0.063 mg L−1 (HTCC+VC) (Fig. 4).
The reverse was true for both management practices (HTCC or
HTCC+VC) with NO3–N concentrations where measured runoff con-
centrations (HTCC: ≤0.94 mg L−1, HTCC+VC: ≤0.87 mg L−1) and
projected pond concentrations (HTCC: 0.03 mg L−1, HTCC+VC:
0.02 mg L−1) remained below proposed NO3–N standards for surface
waters (chronic exposure standards 3.1 and 4.9 mg L−1for cold and
cool-warm water communities) (Monson, 2010; MPCA, 2010) (Fig. 4).
Although the addition of verticuttingmay enhance turf health and qual-
ity, our results suggest the addition of VC toHTCC hasminimal influence
on the quantity of nutrients transported with runoff and associated
risks to adjacent surface waters.

4. Discussion

In previous studies we compared individual management practices
for their ability to reduce runoff volumes and the off-site transport of
applied compoundswith runoff from turf managed as a golf course fair-
way (Rice and Horgan, 2011; Rice et al., 2011). These studies revealed
reduced runoff volumes with hollow tine core cultivation (HTCC) com-
pared to no core cultivation (NCC) (Fig. 2A), solid tine core cultivation
(STCC) (Fig. 2B) and verticutting (VC) (Fig. 2C). We speculated the cou-
pling of VC with HTCCwould enhance infiltration beyondwhat was ac-
complished by each practice individually. For the four individual
management practices (NCC, HTCC, STCC, VC), the off-site transport of
applied nutrients with runoff were attributed to runoff volume more
than nutrient concentrations in the runoff (HTCC, volume r2 = 0.78,
concentration r2 = 0.27; VC, volume r2 = 0.86, concentration r2 =
0.65; STCC, volume r2 = 0.89, concentration r2 = 0.16; NCC, volume
r2 = 0.54, concentration r2 = 0.15). Therefore we also expected to
find reduced off-site transport of nutrients with the coupled manage-
ment practices. Measured data from the present study comparing
HTCC with HTCC+VC (Fig. 3A and B) and an additional study compar-
ing VC with HTCC+VC (Fig. 3C) revealed this was not true. In fact,
with one exception with NO3–N (Fig. 3B), a similar or greater percent-
age of the applied precipitation and nutrients were observed in the
combined management practice (HTCC+VC). Considering both the
combined and individual management practices (HTCC+VC, HTCC,
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Fig. 1. Hydrographs and cumulative volumes of runoff (A andB) and chemographs and cumulative loads of soluble phosphorus (Soluble-P, C andD), ammoniumnitrogen (NH4-N, E and F), and
nitrate nitrogen (NO3-N, G and H) measured in runoff from turf plots managed with hollow tine core cultivation (HTCC) versus hollow tine core cultivation and verticutting (HTCC + VC).
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VC, STCC, NCC) for all runoff events (n = 6, Figs. 2 and 3), the average
percentage of applied nutrients transported in the runoff were 7 ± 4%
sol-P, 8 ± 2% NH4–N and 11 ± 4% NO3–N. This is in range with the ob-
servation of others where 2 to 15% of applied nutrients were observed
in runoff from bermudagrass, creeping bentgrass, or perennial ryegrass
with different soil moistures (Gardner et al., 2000; Linde et al., 1995;
Shuman, 2002).

Based on the results of the paired comparison studies in the present
research and earlier evaluations, turf managed with HTCC had the
smallest quantity of runoff followed by, from least to greatest,
NCC b VC b HTCC+VC b STCC. This is believed to result from improved
infiltration with HTCC as well as a difference in soil compaction when
managing turf with VC or STCC. Hollow tine core cultivation removes
cores, returning soil to the turf while removing excess thatch. In con-
trast, STCC and VC displace soil with solid tines and blades, respectively,
resulting in localized compaction. Greater porosity and saturated water
conductivity in turf managed with HTCC compared to STCC has been
reported (Murphy et al., 1992), as well as enhanced water infiltration
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in turf managed with HTCC compared to untreated turf (Baldwin et al.,
2006; McCarty et al., 2007). Solid tine core cultivation has been shown
to produce localized compaction with the greatest compaction at the
base of the zone of cultivation (Baldwin et al., 2006; Murphy et al.,
1992). Hollow tine core cultivation has also been shown to result in
compaction along the sidewalls and base of the core channel; however,
sidewall compaction diminishedwhile base compaction remained after
95 days (Petrovic, 1979). We suspect that soil compaction resulting
fromHTCC is less than VC or STCC as the difference in percentage of ap-
plied precipitation measured as runoff from turf managed with HTCC
was 6% less than VC and 34% less than STCC. It is likely the observation
of enhanced runoff and nutrient transport with runoff from the com-
binedmanagement practices (HTCC+VC) relative to eachmanagement
practice individually (HTCC or VC) is the result of greater soil compac-
tion resulting from the combination of the two practices. A study eval-
uating infiltration rates in residential lawns noted compaction and soil
structure were some of the greatest contributing factors to changes in
infiltration (Hamilton and Waddington, 1999). Further study would
be required to confirm or disprove our speculation.

As we had seen with the results of the present study, the calculated
concentrations of phosphorus and nitrogen in a surface water receiving
runoff from fairway turf managed with the individual (HTCC, VC, STCC)
or combined (HTCC+VC)management practices exceededwater quality
guidelines for phosphorus (Fig. 4) but were below proposed surface
water standards for NO3–N and levels of nitrogen that would enhance
algal growth (Fig. 4) (United States Environmental Protection Agency,
1986; Monson, 2010; MPCA, 2010). Our results show there is no signifi-
cant difference in risk to a surface water receiving nutrient loads with
runoff from fairway turf, managed with either HTCC or HTCC+VC,
using the mentioned water quality guidelines and proposed standards.
If a more sensitive water quality guideline emerges for NO3–N (e.g. low
levels that may influence endocrine disruption in sensitive organisms)
an important difference between these management practices may be
realized. Considering the levels of phosphorus measured in the runoff,
additionalmanagement strategieswould need to be implemented as ob-
served and calculated concentrations in the runoff and receiving surface
water exceededwater quality guidelines for bothHTCC andHTCC+VC. It
is important to note the results we have reported are, as far as we know,
applicable only for the specific conditions evaluated (e.g. precipitation
rate, precipitation depth and soil moisture). Variation of precipitation
and soil moisture conditions with the same management practices may
produce results that differ, as a direct relationship between runoff vol-
ume and soil moisture at the time of the precipitation event has been
reported (Shuman, 2002). We have also observed, when comparing
the effect of management practices to reduce the off-site transport of
pesticides with runoff from turf, that percentage of applied precipitation
resulting as runoff was influenced by soil moisture (r2 = 0.62) more
than precipitation depth (r2 = 0.23) or precipitation rate (r2 = 0.06)
(Rice et al., 2011). Others have reported storm direction and speed can
affect the shape, peak, and time to peak observed in runoff hydrographs
(Yen and Chow, 1969; Sargent, 1981; Jensen, 1984; Seo and Schmidt,
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2012). Although the evaluated management practices are almost exclu-
sively used to manage turf and landscapes, any management strategy or
daily practice that enhances soil compaction or reduces infiltration of
precipitation could result in greater runoff and the transport of chemicals
and soil with runoff. This would be applicable to agricultural, residential
and construction areas, which have been reported in the literature
world-wide (Harden, 1992; Hamilton and Waddington, 1999; Batey,
2009; Boulal et al., 2011; Ehigiator and Anyata, 2011; Franklin et al.,
2012; Maetens et al., 2012).

5. Conclusions

In this study and previous studies we have observed that runoff vol-
ume contributes more to the overall load and off-site transport of
chemicals in runoff from turf than the concentration of the chemicals
in the runoff. Therefore we anticipated the addition of VC to HTCC
would further enhance infiltration of precipitation and provide an even
more effective means of reducing the off-site transport of nutrients to
surrounding surface waters. We observed the addition of VC to HTCC
(HTCC+VC) reduced infiltration of precipitation, resulting in slightly
larger runoff volumes and greater off-site transport of sol-P and NH4–N
loads in the runoff. The opposite trend was observed with NO3–N
where greater cumulative loadsweremeasured in runoff from turfman-
aged using HTCC without VC. Most of these observed differences were
not statistically significant; however, only two runoff events with three
replicate plots per management practice were evaluated. We anticipate
further statistical significance between management practices may be
revealed when a greater number of runoff events are considered.

Evaluation of established and emerging management practices is
important in order to understand their efficacy and sustainability. As
benefits and improvements in management strategies are discovered
they can be implemented, while practices with unexpected adverse
consequences can bemodified or replaced. Our research results showed
no significant reduction or enhancement of risk associated with surface
water concentrations of phosphorus or nitrogen, resulting from runoff
from golf course fairway turf that was managed with HTCC+VC com-
pared to HTCC. Overall, in contrast to what we had hypothesized, the
addition of VC to HTCC did not enhance infiltration of precipitation or
the reduction of runoff and nutrient transport with runoff. Data
obtained in this research will be useful to grounds superintendents
when selecting best management practices and to scientists seeking
data relating runoff to landmanagement for watershed-scale modeling
(Van Liew et al., 2007).
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