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Runoff studies were conducted at the University of Minnesota to measure applied nitrogen
and phosphorus loss in runoff from creeping bentgrass (Agrostis stolonifera L.) turf man-
aged as a golf course fairway.  Quantities measured in the edge-of-turf runoff were used to
calculate surface water concentrations of a pond receiving runoff from turf.  Runoff and sur-
face water concentrations were compared with water quality standards to evaluate potential
environmental effects of turf runoff.
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PURPOSE

The purpose of USGA Turfgrass and Environmental Research Online is to effectively communicate the results of
research projects funded under USGA’s Turfgrass and Environmental Research Program to all who can benefit
from such knowledge.  Since 1983, the USGA has funded more than 400 projects at a cost of $30 million. The pri-
vate, non-profit research program provides funding opportunities to university faculty interested in working on envi-
ronmental and turf management problems affecting golf courses.  The outstanding playing conditions of today’s
golf courses are a direct result of using science to benefit golf.                  
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A surplus of nutrients in surface waters may
result in enhanced algal blooms and plant growth,
which, upon their decomposition, leads to reduced
dissolve oxygen in the water, eutrophication, and

the decline of aquatic ecosystems.  The applica-
tion of fertilizer to agricultural crops, residential
landscapes, and golf courses may be a source of
nutrients to surface waters (1, 6, 23, 27, 28).  

Fairways comprise approximately one-
third of a typcial golf course (31).  Runoff from
golf course fairways may contribute to the degra-
dation of water quality in surrounding surface
waters depending on the quantity of runoff and
level of contaminants.  Creeping bentgrass
(Agrostis stolonifera L.) maintained as a golf
course fairway has been shown to reduce surface
runoff compared to perennial ryegrass (Lolium
perenne L.) (15).  Reduced surface runoff has also
been observed in turf compared with tilled soils
(7).   However, golf courses have been shown to
contribute to increased nutrient loads in receiving
surface waters.  King et al. (10) observed storm
runoff from a golf course in Texas contributed an
estimated 2.3 kg ha-1 of nitrate- and nitrite-nitro-
gen and 0.33 kg ha-1 of orthophosphate to a stream
during a 13-month period.

To control eutrophication, the United
States Environmental Protection Agency
(USEPA) has established water quality criteria for
total phosphorus concentration for lakes and
streams (26).  In addition, a drinking water stan-
dard (maximum contaminant level, MCL) has

Nutrient Loss in Runoff from Turf: 
Effect on Surface Water Quality
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SUMMARY

Excess nutrients in surface waters may result in
enhanced algal blooms and plant growth that can lead to
eutrophication and a decline in water quality.  The applica-
tion of fertilizer to golf courses may be a source of nutrients
to surface waters.  Runoff studies were conducted to meas-
ure applied nitrogen and phosphorus loss in runoff from
creeping bentgrass (Agrostis stolonifera L.) turf managed
as a golf course fairway.  Quantities measured in the edge-
of-turf runoff were used to calculate surface water concen-
trations of a pond receiving runoff from turf.  Runoff and
surface water concentrations were compared with water
quality standards to evaluate potential environmental
effects of turf runoff.  Key observations of the study were:

Less than 12% of the applied ammonium nitrogen,
nitrate nitrogen, or soluble phosphorus was measured in the
runoff.

Time between hollow tine core cultivation and runoff (2,
11, 15, or 63 days) did not significantly influence the per-
centage of applied nitrogen and phosphorus transported in
the runoff.  

Phosphorus concentrations in runoff were greater than
water quality criteria to limit eutrophication.  

Nitrogen concentrations in runoff were greater than lev-
els associated with increased algal growth, while nitrate
nitrogen concentrations were below the drinking water
standard to prevent blue baby syndrome.

Phosphorus concentrations in a pond receiving runoff
remained above levels associated with increased algal
growth and eutrophication of lakes.

Nitrogen concentrations in a pond receiving runoff were
below levels associated with increased algal growth.

PAMELA RICE, Ph.D., Research Chemist, U.S. Department of
Agriculture, Agricultural Research Service, Adjunct Professor,
Department of Soil, Water, and Climate; and BRIAN HORGAN,
Ph.D., Associate Professor and Turfgrass Extension Specialist,
Department of Horticulture; University of Minnesota, St. Paul,
MN.
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A rainfall simulator delivered precipitation to two plots simul-
taneously a rate similar to storm intensities recorded in
Minnesota, USA.
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been set for nitrate nitrogen (NO3-N) to prevent
methemoglobinemia in infants, a potentially lethal
condition known as blue baby syndrome (11, 26).

The overall objective of this study was to
evaluate the off-site transport and impact of
applied nitrogen and phosphorus with runoff from
creeping bentgrass turf managed as a golf course
fairway.  Specific objectives were to: 1) measure
runoff volumes and concentrations of soluble
phosphorus (sol-P), ammonium nitrogen (NH4-
N), and nitrate nitrogen (NO3-N) in edge-of-turf
runoff; 2) calculate environmental concentrations
anticipated to occur in a surface water (pond)
receiving the runoff; and 3) compare concentra-
tions of nitrogen and phosphorus in runoff and a
receiving surface water with water quality 
standards.  

Site Description  

The study was conducted at the University
of Minnesota Turf Research, Outreach and
Education Center, Saint Paul, Minnesota.  The site

is comprised of Waukegan silt loam (3% organic
carbon, 29% sand, 55% silt, and 16% clay) with a
natural slope running east to west that was graded
to 4%.  Creeping bentgrass (‘L-93’) sod was
installed 14 months prior to initiation of the
reported runoff studies.  The site was divided into
6 plots (24.4 m x 6.1 m).  Research reported in this
study was performed on three of the six plots.  

The turf was managed as a fairway with
1.25 cm height of cut (3 times weekly, clippings
removed), topdressed with sand (weekly, 1.6 mm
depth), and irrigated to prevent drought stress.
The quantity of water applied with the mainte-
nance irrigation was not enough to produce sur-
face runoff.  Plots were aerated twice during each
season with hollow tines (0.95 cm internal diame-
ter x 11.43 cm depth with 5 cm x 5 cm spacing).
Cores removed with the hollow tines were
allowed to dry, broken into smaller pieces, and
worked back into the turf.  A back-pack blower
and leaf rake removed the turf and thatch from the
plot surface.  

Granular fertilizer containing 18% nitro-
gen (9.72% urea nitrogen, 0.63% ammoniacal
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Runoff gutter and trapezoidal flume for collection of runoff.



nitrogen, 3.15% water insoluble nitrogen, 4.50%
methylene urea), 3% available phosphate (P2O5),
and 18% soluble potash (K2O) was applied at
label rates to all plots perpendicular to runoff flow
at a rate of 136.5 kg ha-1 (24.4 kg N ha-1, 1.8 kg P
ha-1).  Immediately following application, the 18-
3-18 fertilizer was watered-in (< 1 mm) using the
maintenance irrigation system.  No additional irri-
gation or precipitation occurred between comple-
tion of fertilizer application and initiation of sim-
ulated precipitation (26 ± 13 hours).  

A rainfall simulator was constructed based
on U.S. patent 5,279,151 (19), which was
designed to deliver precipitation to two plots
simultaneously at a rate similar to storm intensi-
ties recorded in Minnesota, USA. Additional
details of the rainfall simulator can be found else-
where (5).  

Runoff collection systems were construct-
ed at the western edge of each plot similar to Cole
et al. (4).  Stainless-steal flashing guided the
runoff from the turf into gutters constructed of
polyvinyl chloride (PVC) pipe that lead to a stain-
less trapezoidal flume equipped with a bubble
tube port and two sample collection ports.  The
runoff collection gutter and trapezoidal flume
were supported in sand-filled trenches.  Polyester
landscape cloth covered the soil under the metal
flashing and the banks of the trenches to maintain
structural integrity.  

Metal flashings were held in place with
large nails and paraffin wax provided a water-tight
seal between the turf edge and metal flashing.
Gutter covers and flume shields prevented dilu-
tion of runoff with precipitation.  Plots were
hydrologically isolated with removable berms,
constructed from horizontally-split PVC pipe that
were inverted to rest on the cut edges.
Observation of water flow during runoff events
showed no water movement under the PVC
berms.     

Simulated Precipitation  

Forty-eight hours prior to initiation of sim-
ulated precipitation, each plot was pre-wetted
with the maintenance irrigation system beyond

soil saturation to ensure uniform water distribu-
tion and allow for collection of background sam-
ples.  Irrigation water samples and resulting back-
ground runoff were collected for analysis.  The
following day the turf was mowed (1.25 cm
height, clippings removed), and runoff collection
gutters and flumes were cleaned and covered with
plastic sheeting to prevent contamination during
fertilizer application.  

Prior to application, glass Petri dishes
were distributed across the plots to verify fertiliz-
er delivery and determine application rates.
Plastic sheeting and Petri dishes were removed
following chemical application and rain gauges
were distributed throughout each plot to quantify
simulated precipitation.  Soil moisture was meas-
ured in a grid pattern with a soil moisture meter.
Simulated precipitation was initiated once wind
speeds dropped below 2 m s-1 and continued until
90 minutes of runoff had been generated from
each plot.  Runoff collection was completed 138 ±
4 minutes following initiation of precipitation.

Runoff Collection and Analysis

An automated flow meter and runoff sam-
pler measured flow rates, recorded runoff volume,
and collected runoff samples from each plot.
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Automated samplers and flow meters recorded volumes,
measured flow rates and collected runoff samples.



Water samples were removed from the automated
samplers and stored frozen until laboratory analy-
sis.  Irrigation source water, background runoff
water, and background runoff spiked with fertiliz-
er granules served as blank and positive control
samples.  Water samples were analyzed for solu-
ble phosphorus (sol-P), ammonium nitrogen
(NH4-N), and nitrate nitrogen (NO3-N) following
standard methodologies (2, 17, 22).  

Calculation of Surface Water Concentrations 

Nutrient loads (mg m-2) from edge-of-plot
runoff were calculated from recorded runoff vol-
umes (L m-2) and measured concentrations (mg L-

1) of sol-P, NH4-N, and NO3-N in the runoff.
Concentrations of nitrogen and phosphorus in a
body of water receiving the runoff was deter-
mined according to the scenario utilized in the
Exposure Analysis Modeling System (EXAMS)
model where runoff from a 10-ha (100,000 m2)
area drains into a pond with 1-ha (10,000 m2) sur-
face area and 2-m depth (www.epa.gov/oppefed1/
models/water/).  This was accomplished by calcu-
lating the average nutrient loads for all plots from
the four runoff events then extrapolating to deter-
mine the load from a 10-ha area.  The total mass
for each chemical of interest was then divided by

the total volume of the theoretical pond to give the
estimated environmental concentration, which can
be compared to water quality criteria and drinking
water standards. 

Completely randomized analysis of vari-
ance (ANOVA) was performed comparing the
percent of applied precipitation resulting as runoff
and the percent of applied chemicals transported
in runoff for all runoff events (25).

Results

Precipitation Depth and Runoff Volumes  

Rain gauges distributed throughout the
plots measured rainfall rates of 24 ± 4 mm h-1 to
37 ± 2 mm h-1 for a total of 45 ± 8 mm to 75 ± 7
mm of precipitation (Table 1).  Variations in gen-
erated rainfall rates for the simulation events were
most likely the result of changes in pressure at the
water source during the time of simulated precip-
itation.  Measured coefficient of uniformity for the
rainfall simulator was 82 to 84%.  

Precipitation and collection of runoff was
initiated 2, 11, 15, and 63 days following aerifica-
tion (Table 1).  Volumetric soil moistures meas-
ured less than 2 hours prior to initiation of precip-
itation and 48 hours post-saturation were 45  ±  4
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Table 1.  Timeline and precipitation data.

Date Precipitation

Core Cultivation1 Chemical Application2  Precipitation          DAC3 Rate Total Applied

(mm hr-1) (mm)
June 21, 2005 August 22, 2005 August 23, 2005 63 34  ± 3 59   ±5 

September 27, 2005      September 29, 2005      September 30, 2005 2           24  ±4             45  ±8

August 4, 2006            August 14, 2006             August 15, 2006 11          35  ±3              71  ±8

September 19, 2006       October 4, 2006              October 4, 2006          15          37  ±2              75  ±7

1Hollow tine: 0.95 cm diameter X 11.43 cm depth, 5 X 5 cm spacing.
2Plant Nutrient 18-3-18 aookued at kabek rates 22   10 hours prior to precipitation.
3DAC = days after cultivation (days between core cultivation and initiationn of simulated precipitation.



% with post-simulation (< 3 hours) moisture
measurements of 68 ± 3%.  Runoff was first
observed 22 ± 7 minutes following the initiation
of precipitation (Figure 1A).  Steady-state runoff
rates were observed for 56 ± 9 minutes beginning
approximately 60 minutes after the initiation of
precipitation with average flow rates of 22 ± 6 L
min-1 and maximum flow rates of 43 ± 9 L min-1.
Runoff collected from turf plots 2, 11, 15, and 63
days following hollow-tine aeration represented
28 ± 2%, 33 ± 8%, 35 ± 1%, and 36 ± 11% of the
water applied as precipitation, respectively
(Figure 1B).  

Although the mean percentage of applied
precipitation resulting as runoff appeared to
increase with a greater time differential between
aeration and runoff, the trend was not statistically
significant.  This suggests the turf recovery rate
and filling of holes with soil and plant biomass
following hollow tine core cultivation did not sig-
nificantly impact overland flow volumes.
Shuman (24) observed 37 to 44% of applied water
as runoff from fairways of 'Tifway' bermudagrass
that received 50 mm of simulated precipitation
two days following irrigation to field capacity.
This is in range of our observations, though core

cultivation was not reported in their study.  
We observed a larger percentage of runoff

and increased time to runoff relative to the study
of Kauffman and Watschke (9) where 25 minutes
of simulated rainfall (152 mm h-1) applied to
creeping bentgrass plots 2, 9, and 16 days follow-
ing hollow-tine core cultivation resulted in 3.7 to
10% of the applied precipitation as runoff.
Similar to our study, the mean volumes for the
runoff events were not statistically different with
increased time differential between aeration and
runoff.  We speculate the increased runoff
observed in our experiment is the result of greater
pre-simulation soil moistures as the plot size and
precipitation quantities were relatively similar.  

A direct relationship between runoff vol-
ume and soil moisture at the time of the precipita-
tion event has been reported (24).  The delay in
time to runoff observed in our study compared to
the study of Kauffman and Watschke (9) is most
likely the result of a more gradual plot slope (4%
rather than 9-11%), lesser precipitation rates (24-
37 mm h-1 rather than 152 mm h-1), and removal
of deeper and more closely spaced cores (depth x
spacing x diameter: 11.43 cm x 5 cm x 0.95 cm
rather than 3.8 cm x 6.4 cm x 1.6 cm).  
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Figure 1. (A) Runoff hydrographs from creeping bentgrass turf managed as a golf course fairway.  (B) Precipitation and per-
cent of precipitation resulting as runoff.  Numbers displayed parenthetically represent days between hollow tine core cultivation
and runoff.
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Nitrogen and Phosphorus Concentrations in
Runoff 

Analysis of the source water applied as
maintenance irrigation and simulated precipitation
contained negligible levels of NH4-N, NO3-N,
and sol-P (0.001 to 0.005 mg L-1).  Average con-
centrations measured in the runoff for the four
evaluated events were as follows: NH4-N = 0.82
± 0.26 mg L-1, NO3-N = 0.23 ± 0.07 mg L-1, and

sol-P = 0.71  ±  0.20 mg L-1 (Figure 2).  Our edge-
of-plot runoff contained phosphorus concentra-
tions that were 7 and 14 times greater than USEPA
water quality criteria to limit eutrophication with-
in a stream (total phosphorus 0.1 mg L-1) or
lake/reservoir (total phosphorus 0.05 mg L-1) (21,
26).  Concentrations of NO3-N were below the
drinking water standard (10 mg L-1 NO3-N) (11,
21), which is consistent with the findings of other
turf runoff studies (7, 14, 16).  
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Figure 2. A comparison of water quality standards with nutrient concentrations in edge-of-turf runoff and a surface water (pond)
receiving runoff from turf.



The mean percentages of applied NH4-N,
NO3-N, and sol-P transported in runoff with each
event are presented in Figure 3.  Statistical analy-
sis revealed the percentage of applied NH4-N or
NO3-N in runoff was similar regardless of the
time differential between hollow tine core cultiva-
tion and runoff (2, 11, 15, or 63 days) or the date
the runoff was collection (2005 or 2006, mid-
August to early October).  The average percentage
of applied chemical transported in runoff for the

four runoff events was 7.5 ± 2.7 % for NH4-N and
8.6 ± 1.8 % for NO3-N.  For sol-P, the mean per-
centage of applied transported in runoff was 8.5 ±
0.3 % in 2005 and 4.6 ± 0.5 % in 2006.  

Closer observation of the individual runoff
events revealed this difference was not the result
of the time differential between hollow-tine core
cultivation or the month of runoff collection as
there was no statistical difference between runoff
events occurring within the same year (Figure 3).
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Figure 3. Percent of applied ammonium nitrogen (NH4-N), nitrate nitrogen (NO3-N) and soluble phosphorus (Soluble-P) meas-
ured in runoff from creeping bentgrass turf managed as a golf course fairway.



For all runoff events, the turf was actively grow-
ing.  Additional evaluation of thatch, turf, and soil
samples will be required to fully explain the diver-
gence observed in sol-P in runoff from 2005 and
2006.  

Overall, less than 12% of the applied NH4-
N, NO3-N and sol-P were measured in the runoff
from our turf plots.  This is in range with observa-
tions reported by other researchers.  Linde and
Watschke (14) measured 11% of applied phospho-
rus and 2% of applied nitrogen in runoff from
creeping bentgrass and perennial ryegrass 8 hours
after fertilization.  Shuman (24) observed 10% of
applied phosphorus and less than one percent of
applied NO3-N was found in the first runoff event
occurring 4 hours after application to simulated
golf course fairways of bermudagrass.  Cole et al.
(4) reported less than one to 10% of applied nutri-
ents were transported in runoff from bermuda-
grass turf depending on the amount of precipita-
tion, soil moisture, and management.  

Concentrations in a Pond Receiving Runoff  

Calculation of environmental concentra-
tions in the receiving surface water resulted in
0.08 ± 0.03 mg L-1 NH4-N, 0.03 ± 0.01 mg L-1

NO3-N, and 0.07 ± 0.02 mg L-1 sol-P.  After dilu-
tion of runoff in the pond, phosphorus concentra-
tions remained above levels associated with
increased algal growth (0.025 mg L-1) and the
USEPA water quality criteria to limit eutrophica-
tion in lakes and reservoirs (0.05 mg L-1) (21, 30)
(Figure 2).  

Nitrogen concentrations (NH4-N + NO3-
N) were an order of magnitude below levels asso-
ciated with increased algal growth (1 mg L-1).
Nitrate nitrogen concentrations were 400 times
below the drinking water standard (10 mg L-1)
(11, 26) (Figure 2).  This corresponds to the
review of Cohen et al. (3) where drinking water
standards for NO3-N were not exceeded in any of
the surface water samples reported in 17 studies
covering 36 golf courses.

As efforts to ban or restrict the use of
chemicals on residential turf are proposed and

enforced (8, 13, 20, 29), quantitative information
on the off-site transport of chemicals with runoff
will be valuable in providing scientifically-based
data for making informed decisions.  Runoff and
chemical data collected from this study can be uti-
lized to evaluate predictive runoff transport mod-
els and to assess non-point source pollution poten-
tial of nutrients transported in runoff from turf.
Greater knowledge of chemical fate and associat-
ed risk will allow for modified or restricted use
where a hazard potential has been demonstrated
while maintaining the use of these products as
tools for managing turf where a plausible risk is
unproven.    

Acknowledgements

The described research was conducted as
part of a multi-state collaborative effort to obtain
standardized regional data on the fate and trans-
port of turf protection products. Runoff and fertil-
izer data are reported here.  Pesticide data and the
use of management practices to reduce chemical
transport with runoff from turf will be reported in
future TERO and journal publications or are pub-
lished elsewhere (12, 19).  

This research was supported by the
USGA’s Turfgrass and Environmental Research
Program; the United States Department of
Agriculture, Agricultural Researc Service; and the
University of Minnesota.  We thank C. Borgen, T.
Carson, M. Dolan, S. Greseth, A. Hollman, C.
Krueger, J. Lanners, M. McNearney, J.
Rittenhouse, C. Rosen, J. Sass, A. Seeley, and K.
Swenson for their assistance on the project, and
Nelson Irrigation for their donation of sprinkler
nozzles utilized in the construction of the rainfall
simulator.  

Mention of specific products or supplies is
for identification and does not imply endorsement
to the exclusion of other suitable products or sup-
plies.

Literature Cited

1. Beman, J. M., K. R. Arrigo, and P. A. Matson.

8



2005.  Agricultural runoff fuels large phytoplank-
ton blooms in vulnerable areas of the ocean.
Nature 10:211-214.  

2. Carlson, R. M., R. I. Cabrera, J. L. Paul, J.
Quick, and R.Y. Evans. 1990. Rapid direct deter-
mination of ammonium and nitrate in soil and
plant tissue extracts. Commun. Soil Sci. Plant
Anal. 21:1519-1529.  

3. Cohen, S., A. Svrjcek, T. Durborow, and N.L.
Barnes. 1999. Water quality impacts by golf
courses. J. Environ. Qual. 28:798-809.  (TGIF
Record 59340)

4. Cole, J. T., J. H. Baird, N. T. Basta, R. L.
Huhnke, D. E. Storm, G. V. Johnson, M. E.
Payton, M. D. Smolen, D. L. Martin, and J. C.
Cole. 1997. Influence of buffers on pesticide and
nutrient runoff from bermudagrass turf. J.
Environ. Qual. 26:1589-1598.  (TGIF Record
41754)

5. Coody, P. N., and L. J. Lawrence. 1994. Method
and system for conducting meso-scale rainfall
simulations and collecting runoff.  U.S. Patent
5,279,151.  Date issued: 18 January. 

6. Correll, D. L. 1998. The role of phosphorus in
the eutrophication of receiving waters - A review.
J. Environ. Qual. 27:261-266.  (TGIF Record
42386)

7. Gross, C. M., J. S. Angle, and M. S. Welterlen.
1990. Nutrient and sediment losses from turfgrass.
J. Environ. Qual. 19:663-668.  (TGIF Record
19952)

8. Huber, J. 2008. Cosmetic use of pesticides to be
banned in Ontario.  The Vancouver Sun, 23 April
2008, http://www.canada.com/vancouversun
/news /story.html?id=5eadf81e-7480-4162-801c-
c23d47d5fe59.   (TGIF Record 154976)

9. Kauffman, G. L., and T. L. Watschke.  2007.
Phosphorus and sediment in runoff after core cul-
tivation of creeping bentgrass and perennial rye-

grass turfs.  Agron. J. 99:141-147.  (TGIF Record
120201)

10. King, K.W., R. D. Harmel, H. A. Torbert, and
J. C. Balogh.  2001.  Impact of a turfgrass system
on nutrient loading to surface water. J. Am. Water
Resour. Assoc. 37:629-640.  (TGIF Record 85720)

11. Knobeloch, L., B. Salna, A. Hogan, J. Postle,
and H. Anderson. 2000. Blue babies and nitrate-
contaminated well water. Environ Health
Perspect. 108:675-678.  

12. Kramer, K. E., P. J. Rice, B. P. Horgan, J. L.
Rittenhouse, and K. W. King.  2009.  Pesticide
transport with runoff from turf: Observations
compared with TurfPQ model simulations. J.
Environ. Qual. (In Press) (TGIF Record
154939)

13. Krueger, D. C.  2006.  Ottawa county board of
commissioner's ordinance no. 2006-1: Ordinance
to ban lawn fertilizer containing phosphorus in
Ottawa country. http://www. miottawa.org/ Health
Comm/Health/pdf/phosphorus.pdf  (TGIF Record
154980)

14. Linde, D. T., and T. L. Watschke.  1997.
Nutrient and sediment in runoff from creeping
bentgrass and perennial ryegrass turfs. J. Environ.
Qual. 26:1248-1254.  (TGIF Record 56505)

15. Linde, D. T., T. L. Watschke, A. R. Jarrett, and
J. A. Borger. 1995. Surface runoff assessment
from creeping bentgrass and perennial ryegrass
turf. Agron. J. 87:176-182.  (TGIF Record 37384)

16. Linde, D. T., T. L. Watschke, and J. A. Borger.
1994.  Nutrient transport in runoff from two turf-
grass species. Pages 489-496. In A. J. Cochran
and M. R. Farrally (eds.) Science and Golf II.
Proc. of the 1994 World Scientific Congress of
Golf. E & FN Spon, New York.  (TGIF Record
30754)

17. Murphy, J., and J. P. Riley 1962. A modified
single solution method for determination of phos-

9

http://www.lib.msu.edu/cgi-bin/flink.pl?recno=59340
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=59340
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=41754
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=41754
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=42386
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=42386
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=19952
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=19952
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=154976
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=120201
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=120201
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=85720
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=154939
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=154939
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=154980
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=154980
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=56505
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=37384
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=30754
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=30754


phate in natural waters. Anal. Chim. Acta 27:31-
36.  

18. Pensa, M. A., and R. M. Chambers. 2004.
Trophic transition in a lake on the Virginia coastal
plain. J. Environ. Qual. 33:576-580.  

19. Rice, P. J., and B. P. Horgan. 2009. Fungicide
and nutrient transport with runoff from creeping
bentgrass turf. International Turfgrass Society
Research J. 11:61-75.  (TGIF Record 150948)

20. Rosen, C. J., and B. P. Horgan.  2005.
Regulation of phosphorus fertilizer application to
turf in Minnesota: Historical perspective and
opportunities for research and education.  Int.
Turf. Soc. Res. J. 10:130-135.  (TGIF Record
105341)

21. Schindler, D. W. 1977. Evolution of phospho-
rus limitation in lakes. Science 195:260-262.  

22. Self-Davis, M. L., P. A. Moore, Jr., and B. C.
Joern. 2000. Determination of water- and/or dilute
salt-extractable phosphorus. Pages 24-26. In G. M.
Pierzynski (ed.) Methods of Phosphorus Analysis
for Soils Sediments, Residuals, and Waters.
Southern Coop. Ser. Bull. 396. North Carolina
State Univ., Raleigh.  

23. Sharpley, A. N. (ed.) 2000. Agriculture and
phosphorus management: The Chesapeake Bay.
CRC Press, Boca Raton, FL.  

24. Shuman, L. M. 2002. Phosphorus and nitrate
nitrogen in runoff following fertilizer application
to turfgrass. J. Environ. Qual. 31:1710-1715.
(TGIF Record 82742)

25. Steele, R. G.  D., J. H. Torrie, and D. A.
Dickey. 1997. Principles and procedures of statis-
tics: A biometrical approach. 3rd ed. McGraw-
Hill, New York.  

26. USEPA (U.S. Environmental Protection
Agency). 1976. Quality criteria for water. EPA
440/5086-001. Office of Water Regulations and

Standards, Washington, DC.  

27. U.S. Geological Survey.  Eutrophication.
http://toxics.usgs.gov/definitions/eutrophication.h
tml.  

28. Varlamoff, S., W. J. Florkowski, J. L. Jordan,
J. Latimer, and K. Braman.  2001.  Georgia home-
owner survey of landscape management practices.
HortTechnology 11:326-331. (TGIF Record
73116)

29. Vavrek, B. 2005. Phosphorus under fire: Will
the increasing number of fertilizr restrictions
affect your maintenance program?  USGA Green
Section Record 43(4):1-6.  (TGIF Record 105241)

30. Walker, W. J., and B. Branham. 1992.
Environmental impacts of turfgrass fertilization.
Pages105-219. In J.C. Balogh and W.J. Walker
(eds.) Golf Course Management and
Construction: Environmental Issues. Lewis Publ.,
Chelsea, MI.  (TGIF Record 23359)

31. Watson, J. R., H. E. Kaerwer, and D. P. Martin.
1992.  The turfgrass industry. Pages 29-88. In D.V.
Waddington et al. (eds.) Turfgrass. Agron.
Monogr. 32.  ASA, Madison, WI.  (TGIF Record
26020)

10

http://www.lib.msu.edu/cgi-bin/flink.pl?recno=150948
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=105341
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=105341
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=82742
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=73116
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=105241
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=23359
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=26020
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=26020



