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Nutrient runoff from
bermudagrass fairways
after aerification

Will aerification decrease nutrient runoff from fairways?

Nitrogen and phosphorus are two of the most
important nutrients used for the establishment and
maintenance of golf course turf (1), including fair-
ways, which often border lakes, streams and other
water features. Bermudagrass (Cynodon species) is
commonly used for fairways and is fertilized with
nitrogen and phosphorus, which both have the
potential for off-site movement in surface runoff.

High nutrient-concentration levels of nitrate
and phosphate in surface water encourage eutro-
phication, the undesirable growth of algae and
aquatic plants that can deplete oxygen and affect
plants and animals in the area. Nitrogen is trans-
ported in water runoff from turfgrass, primarily
as nitrate-nitrogen and ammonium-nitrogen, and
may contribute to eutrophication at concentrations
as low as 3.8 milligrams/gallon (1 milligram/liter)
(10). Phosphorus in surface runoff from golf course
turf areas is primarily transported as HPO,* and
H,PO,, which is also called dissolved reactive
phosphorus, and can contribute to eutrophication
at concentrations as low as 0.09 milligram/gallon
(25 micrograms/liter) (10). Because many blue-
green algae can assimilate atmospheric nitrogen,
phosphorus, rather than nitrogen, is typically the
more important contributing factor for eutrophi-
cation of surface water (8).

Turfgrass is effective at reducing nutrient run-
off (4,5), especially if the fertilizer is watered-in
(9) after application. However, nutrient concen-
trations in runoff from turf were high enough to
contribute to eutrophication in previous studies

(3). Research has demonstrated that vegetative fil-
ter strips, commonly called buffers, may reduce
nutrient runoff from fairways (2,6), but in both
studies nutrient concentrations were high enough
to contribute to the degradation of surface-water
quality. Additional research is required to deter-
mine which management practices further reduce
nutrient runoff from turf.

Aerification

Researchers have found that aerifying buffer
strips (rough) does not affect nutrient runoff from
simulated fairways (2), but lictle is known about
the effects of aerifying the fairway itself. Hol-
low-tine aerification transfers soil from beneath
the turfgrass to above its surface. Whether the
soil cores are dragged back into the core holes or
left on the turfgrass surface, portions of the soil
located on the turfgrass surface could potentially
contribute to nutrient runoff. Alternatively, the
aerification holes could increase water infiltration
and decrease potential nutrient runoff.

The objective of this study was to investigate
the influence of hollow-tine aerification on nutrient
runoff from bermudagrass fairways under natural
rainfall conditions. We hypothesized that aerifica-
tion would reduce nutrient runoff from bermudag-
rass fairways under natural rainfall conditions by
increasing water infiltration into the soil profile.

Site description
This research was conducted on the Okla-


<<
  /ASCII85EncodePages false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressPages false
  /ConvertImagesToIndexed true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.10000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.10000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>

>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


Synapse Prepare
Banta_InDesign_090704:Banta_InDesign_090704
QuarkXPressª settings can't be modified by the user
InDesignª Print Style: Banta_PS_CMYK.prst
Distiller Job Options: Creo PDF Pages.joboptions
PitStop Profile: Banta_081804.ppp
PitStop Actions: SynapseLogo.eal
User can add info annotations into resulting PDF
Distiller annotations will be added into resulting PDF
Job Info annotations will be added into resulting PDF
Directive annotations will be added into resulting PDF
�

Job Name:   
Job Number:   
Proof Due:  Mon, Jul 10, 2006
Final Due:  Mon, Jul 10, 2006
Company:  Golf Course Management
Contact:  Kelly Neis
Address:  1421 Research Park Drive
City:  Lawrence
State:  KS  Zip:  66049  Country:  USA
Office Phone:  785.832.3646
Email:  kneis@gcsaa.org
�


homa State University Turfgrass Runoff Research
Site, Stillwater. The soil at the site was Norge silt
loam with a bulk density of 0.87 ounce/cubic inch
(1.50 grams/cubic centimeter). The runoff site
was divided into three large blocks. Each block
consisted of two experimental units that measured
40.4 feet (12.3 meters) wide with a uniform 5%
slope that measured 80.05 feet (24.4 meters) long.
The site was graded and sodded with U-3 bermu-
dagrass [Cynodon dactylon L. (Pers.)] in summer
1998. Plots were mowed three times a week at 0.5
inch (1.3 centimeters) during the growing season.
Before this study, plots were fertilized with nitro-
gen at 43.7 pounds/acre (49 kilograms hectare)
per month and phosphate at 21.4 pounds/acre (24
kilograms/hectare) per month during the growing
seasons of 2000, 2001 and 2002.

Runoff measurements

Earthen berms that confined runoff to the area
under investigation separated experimental units
and blocks. Covered troughs collected runoff water
from each experimental unit and channeled it
through calibrated Parshall flumes by gravity flow.
(A Parshall flume has a specially shaped open-chan-
nel flow section that may be installed in a ditch,
canal or lateral to measure the flow rate.) Modules
mounted over each flume used ultrasonic reflection
to measure water level (6). Portable samplers were
programmed to determine the rate of water flow
from these water-level measurements, and a pump
in each sampler provided runoff sample collection.
A rapid transfer device enabled information trans-
fer from samplers to a computer.

Irrigation and soil moisture

Time-domain-reflex probes were permanently
buried along the slope in each experimental unit
to assess soil moisture content and to help main-
tain antecedent soil moisture at uniform condi-
tions before natural rainfall. An in-ground sprin-
kler-type irrigation system that delivered 2 inches
(51 millimeters) per hour was located along the
edges of each block. The experimental units were
irrigated three times per week to field capacity
determined by volumetric water content 24 hours
after saturation. The runoff site was at or very near
field capacity (1.8 square feet of water/cubic yard
of soil [0.22 square meter/cubic meter]) immedi-
ately before each occurrence of natural rainfall.

The runoff experiments
were conducted at the
Oklahoma State University
Turfgrass Runoff Research
Site in Stillwater.

Photos by J. Moss

Covered troughs collected
the runoff and channeled

it through Parshall flumes
by gravity flow.
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In-ground sprinklers were used to
make sure the experimental area
was at field capacity when natural
rainfall occurred.

Runoff sampling

Treatments consisted of three plots (one plot
per block) that were aerified using hollow tines
and three plots that were not aerified. Data were
collected for two months in 2003 and two months
in 2004. Plots were aerified at the beginning of
each of the four months of the study.

Aerification was done in a single direction
using tines that were 0.6 inch (1.6 centimeters)
in diameter and 3 inches (7.6 centimeters) long.
Spacing between tines and aerification holes was
2.5 inches (6.4 centimeters). After aerification,
cores were dragged within each plot with a wire
rake pulled behind a utility vehicle; the remain-
ing soil core pieces were further broken down by

Flow rate

[ Aerated [ Control

0~

20

Flow rate (gallons/minute)

Figure 1. Flow rate during

60 minutes of runoff from
bermudagrass fairway plots.
The results are an average of
seven natural rainfall events
that occurred from May 2003
to April 2004. The bars indicate
the standard error interval at
each collection period.
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mowing each plot with a reel mower.

Following aerification, fertilizer was applied to
all plots as urea at 43.7 pounds nitrogen/acre (49
kilograms/hectare) per month and as triple super-
phosphate at 21.4 pounds P, O, /acre (24 kilograms/
hectare) per month.

Plots were irrigated lightly for 7 minutes at the
rate of 2 inches (51 millimeters) per hour after fer-
tilization to water-in the nutrient application. Time
from the beginning of rainfall to the initiation of
runoff was recorded for each rainfall, and runoff
water samples were collected in 5-minute intervals
for 60 minutes.

Analytical procedures

Water samples were analyzed for nitrate-nitro-
gen and ammonium-nitrogen using colorimetric
methods by automated flow-injection analysis, and
they were analyzed for dissolved reactive phosphorus
using the phosphomolybdate colorimetric procedure
(7). The detection limit was 0.01 milligram/liter
for each nutrient in the runoff water samples. The
average background levels of nutrients in the natural
rainfall samples were 0.58 milligram/liter for nitrate-
nitrogen, 0.29 milligram/liter for ammonium-nitro-
gen and 0.09 milligram/liter for dissolved reactive
phosphorus. The nutrient mass and concentrations
reported in this paper are the background nutrient
levels plus fertilizer losses. The background nutrient
levels were subtracted from the measured concentra-
tions in collected runoff samples when the propor-
tion of fertilizer loss from plots was determined.

Natural rainfall that produced measurable
runoff was recorded on seven dates: 0.6 inch (15
millimeters) on May 14; 1.6 inches (41 millime-
ters) on May 16; 0.7 inch (19 millimeters) on June
10; 2.2 inches (55 millimeters) on June 25; and
0.7 inch (17 millimeters) on Aug. 30 in 2003; and
2.5 inches (64 millimeters) on March 4 and 1.3
inches (33 millimeters) on April 10 in 2004. Run-
off water nutrient samples were collected follow-
ing the first significant rainfall after aerification
each month. Therefore, no water nutrient samples
were collected on May 16 and June 25, 2003. Flow
data were recorded for all events.

Nutrient losses following the beginning of
runoff were calculated by multiplying the aver-
age nutrient concentration during each sampling
interval by the total amount of runoff that passed
through the Parshall flume during each 5-minute
sample period. The total nutrient loss for each
treatment following runoff initiation was com-
puted by adding the total amount of nitrate-nitro-
gen, ammonium-nitrogen or dissolved reactive
phosphorus that was calculated for each 5-minute
sample period.
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Rainfall and runoff response

There was no interaction between collection date
and treatment, so data were averaged over all collec-
tion dates. The minimum amount of rainfall required
to produce runoff from fairway plots during the course
of this study was 0.6 inch (15 millimeters).

Aerification had no significant effect on flow
rate or nutrient concentration during 60 minutes of
runoff (Figures 1,2,3). The peak runoff rates of aer-
ified plots and control plots were not significantly
different. Runoff from all plots reached an average
maximum flow rate of 16.1 gallons (61.1 liters) per
minute at 25 minutes after runoff began.

Nutrient concentrations in runoff samples from
aerified and control plots also were not significantly
different. The average nutrient concentrations in the
360 runoff samples were nitrate-nitrogen at 0.54
milligram/liter, ammonium-nitrogen at 0.44 milli-
gram/liter, and dissolved reactive phosphorus at 1.20
milligrams/liter. Less than 1% of the urea and triple
superphosphate applied were lost to runoff; probably
because the fertilizer was watered-in immediately
after application and because rainfall did not occur
for an average of 13 days following treatment. These
results concur with earlier research (9) demonstrat-
ing that nutrient losses from bermudagrass fertil-
ization were reduced when fertilizer was watered-in
immediately after application and as time between
application and runoff increased.

The initiation of runoff in aerified plots was
delayed significantly (by an average of 4.1 min-
utes) when compared to initiation of runoff in
control plots. The average time to initiation of
runoff was 47.9 minutes for control plots and
52.0 minutes for aerified plots. This delay may
be attributed to an increase in water infiltration
caused by aerification.

Acrification did not significantly reduce total
nutrient loss or runoff volume (Table 1). Aver-
age nitrogen loss from plots was 0.28 ounce/acre
(20.2 grams/hectare), and average dissolved reac-
tive phosphorus loss was 0.36 ounce/acre (25.4
grams/hectare); average cumulative runoff vol-
ume from plots was 8,391.4 gallons/acre (78,493
liters/hectare). The maximum average nutrient
concentrations for nitrogen and dissolved reac-
tive phosphorus occurred at 5 minutes after run-
off initiation and were 1.7 milligrams/liter for
nitrogen (Figure 2) and 1.5 milligrams/liter for
dissolved reactive phosphorus (Figure 3). There
was no significant difference in nutrient concen-
trations at any sample time during this study.
Although these nutrient concentrations were rela-
tively low, they were above the minimum capable
of enhancing eutrophication of surface waters
(10). Although the treatment effects were not sig-

nificant, the surface runoff from the aerified plots
was consistently lower than surface runoff from
the control plots (Figure 1). In addition, nutrient
concentrations of nitrogen and dissolved reactive

Nitrogen in runoff

[ Aerated [ Control

Nitrogen (milligrams/liter)

Figure 2. Concentration of nitrogen
(nitrate-nitrogen + ammonium-
nitrogen) in natural rainfall runoff
from bermudagrass fairways for

60 minutes after runoff began. The
results are an average of seven
natural rainfall events that occurred
from May 2003 to April 2004. The
bars indicate the standard error
interval at each collection period.
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Figure 3. Concentration of dissolved
reactive phosphorus in natural rainfall
runoff from bermudagrass fairway
plots for 60 minutes after runoff
began. The results are an average

of seven natural rainfall events that
occurred from May 2003 to April
2004. The bars indicate the standard
error interval at each collection period.
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Nutrients in runoff

Cumulative volume Nitrogen Dissolved reactive phosphorus
Treatment® Mean = standard error
Control 10,267 + 3,531 gallons/acre 0.24 + 0.06 ounce/acre 0.33 + 0.09 ounce/acre
(96,034 + 33,032 liters/hectare) (16.8 + 4.1 grams/hectare) (22.8 + 6.4 grams/hectare)
Aerification 6,516 + 1,773 gallons/acre 0.34 + 0.10 ounce/acre 0.40 + 0.12 ounce/acre

(60,951 +16,583 liters/hectare) (23.6 +7.2 grams/hectare) (27.9 + 8.7 grams/hectare)
fIn all cases, the values for the aerification treatments were not significantly different from the values for the controls.

Table 1. Cumulative volume of natural rainfall runoff from bermudagrass fairway plots for 60 minutes after run-

off began and total mass of nitrogen (nitrate-nitrogen + ammonium-nitrogen) and dissolved reactive phosphorus
in natural rainfall runoff from bermudagrass fairway plots for 60 minutes after runoff began. The results are the

The research says

=> Three plots of fairway-height ber-
mudagrass were aerified monthly with
hollow tines; the aerified plots and
three control plots were fertilized with
43.7 pounds nitrogen/acre and 21.4
pounds phosphate/acre at the begin-
ning of each month of the study.

=> Runoff samples were collected
and tested after seven occurrences
of natural rainfall.

=> Aerification delayed runoff

by 4 minutes but did not
significantly reduce runoff

volume or nutrient losses

when compared to control plots.

=> For both treatments, the

total amount of applied fertilizer

lost to surface runoff was

extremely low (<1%); nutrient
concentrations were not statistically
different between treatments.

=> Hollow-tine aerification neither
reduced nor contributed to a loss of
nutrients to natural rainfall runoff.

90 GCM July 2007

average of seven natural rainfalls.

phosphorus were consistently higher during the
first 5 minutes of runoff from the aerified plots
than from the control plots. With the high vari-
ability of natural precipitation and the use of only
three replications for each treatment in this study,
the large standard error values for surface runoff
and nutrient concentrations could be expected.
The construction of a larger turfgrass surface
runoff study area than the one used here could be
beneficial for future research by providing more
replications and degrees of freedom.

Conclusions

Aerification is a common turf management prac-
tice that serves to alleviate compaction, promote new
growth and increase soil oxygen content. According
to the results of this study, aerification will neither
increase or decrease surface water runoff and nutrient
loss from bermudagrass fairways under natural rain-
fall conditions. Although aerified plots consistently
produced less runoff volume under the parameters of
this study, the difference in runoff volume between
aerified and control plots was not statistically signifi-
cant. Superintendents using management practices
like the ones in this study may aerify their fairways
one or more times during the growing season with-
out affecting nutrient losses to surface runoff.

Funding
Funding provided by the USGA grant number AG-00-RS-
007, the Oklahoma Turfgrass Research Foundation grant num-
ber AG-89-RS-140, and The Oklahoma Agricultural Experiment
Station project number OKLO 2392.

Acknowledgments
This paper was originally published as “Nutrient runoff from ber-
mudagrass golf course fairways after aerification” in the online journal
Applied Turfgrass Science doi:10.1094/ATS-2007-0125-02-RS.

Literature cited
1. Beard, J.B. 2002. Turf management for golf courses. 2nd
ed. Ann Arbor Press, Chelsea, Mich.

2. Cole, JT., J.H. Baird, N.T. Basta, et al. 1997. Influence of
buffers on pesticide and nutrient runoff from bermudagrass
turf. Joumnal of Environmental Quality 26(6):1589-1598.

3. Harrison, S.A., T.L. Watschke, R.0. Mumma, et al. 1993.
Nutrient and pesticide concentrations in water from chemi-
cally treated turfgrass. p. 191-207. /n: K.D. Racke and A.R.
Leslie, eds. Pesticides in urban environments: Fate and sig-
nificance. American Chemical Society Symposium Series No.
522. ACS, Washington, D.C.

4. Krenitsky, E.C., M.J. Carroll, R.L. Hill and J.M. Krouse. 1998.
Runoff and sediment losses from natural and man-made
erosion control materials. Crop Science 38(4):1042-1046.

5. Linde, D.T, T.L. Watschke, A.R. Jarrettand J.A. Borger. 1995.
Surface runoff assessment from creeping bentgrass and
perennial ryegrass turf. Agronomy Journal 87(2):176-182.

6. Moss, J.Q., G.E. Bell, M.A. Kizer, et al. 2006. Reducing
nutrient runoff from golf course fairways using grass buffers
of multiple heights. Crop Science 46(1):72-80.

7. Murphy, J., and J.P. Riley. 1962. A modified single solution
method for the determination of phosphate in natural waters.
Analytica Chimica Acta 27:31-36.

8. Sharpley, A., B. Foy and P. Withers. 2000. Practical and innova-
tive measures for the control of agricultural phosphorus losses to
water: An overview. Joumal of Environmental Quality 29:1-9.

9. Shuman, L.M. 2004. Runoff of nitrate nitrogen and phospho-
rus from turfgrass after watering-in. Communications in Soil
Science and Plant Analysis 35:9-24.

10. Walker, W.J., and B. Branham. 1992, Environmental impacts
of turfgrass fertilization. p. 105-219. /n: J.C. Balogh and W.J.
Walker, eds. Golf course management and construction:
Environmental issues. Lewis Publishing, Chelsea, Mich.

Justin Q. Moss (jmoss@uwyo.edu) is a research scientist in the
department of plant sciences at the University of Wyoming, Laramie.
Gregory E. Bell is an associate professor and Dennis L. Martin

is a professor in the department of horticulture and landscape
architecture, and Mark E. Payton is a professor in the department

of statistics at Oklahoma State University, Stillwater.


<<
  /ASCII85EncodePages false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressPages false
  /ConvertImagesToIndexed true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.10000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.10000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>

>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


Synapse Prepare
Banta_InDesign_090704:Banta_InDesign_090704
QuarkXPressª settings can't be modified by the user
InDesignª Print Style: Banta_PS_CMYK.prst
Distiller Job Options: Creo PDF Pages.joboptions
PitStop Profile: Banta_081804.ppp
PitStop Actions: SynapseLogo.eal
User can add info annotations into resulting PDF
Distiller annotations will be added into resulting PDF
Job Info annotations will be added into resulting PDF
Directive annotations will be added into resulting PDF
�

Job Name:   
Job Number:   
Proof Due:  Mon, Jul 10, 2006
Final Due:  Mon, Jul 10, 2006
Company:  Golf Course Management
Contact:  Kelly Neis
Address:  1421 Research Park Drive
City:  Lawrence
State:  KS  Zip:  66049  Country:  USA
Office Phone:  785.832.3646
Email:  kneis@gcsaa.org
�




