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Plot studies were conducted at the University of Minnesota to determine which core cultivation practice, solid tine or hollow tine,
was more successful at reducing losses of phosphorus and nitrogen with runoff from creeping bentgrass (Agrostis stolonifera
L.) turf managed as a golf course fairway.  Measured quantities of nutrients in the edge-of-turf runoff and characteristics of a
local golf course were used to calculate nutrient concentrations in a surface water receiving runoff from managed turf.  Surface
water concentrations of phosphorus and nitrogen were compared to water quality criteria and drinking water standards to eval-
uate which core cultivation practice would be more effective at reducing environmental risk.
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The increased occurrence of nuisance algal

blooms, reported eutrophication of surface waters,

and the presence of a hypoxic zone in the northern

Gulf of Mexico has heightened concern regarding

the sources of excess nutrients to surface waters

(4, 10, 27, 35, 41; http://toxics.usgs.gov/hypox-

ia/hypoxic_zone.html).  To control eutrophication,

the United States Environmental Protection

Agency (USEPA) has established water quality

criteria that limit total phosphorus concentration

to 0.025 mg L-1 within lakes or reservoirs, 0.05

mg L-1 in streams draining into lakes or reser-

voirs, and 0.1 mg L-1 in streams or flowing waters

not directly discharging into lakes or reservoirs

(32, 40).  Drinking water standards have also been

set at 10 mg L-1 for nitrate nitrogen to prevent

methemoglobinemia in infants, a potentially lethal

condition known as “blue baby syndrome” (18,

40).  More recently, nitrate has been suspected to

be an ecologically relevant endocrine disruptor

that may alter hormone regulation and result in

abnormalities (14).  

Nitrogen and phosphorus are important

plant nutrients that are often applied to highly

managed biotic systems such as golf courses,

commercial landscapes, and agricultural crops.

Dissolved, suspended, or particulate-bound con-

taminants can be transported with surface runoff

(31, 42).  The off-site transport of phosphorus in

runoff from croplands tend to favor movement

with soil particles, whereas the dissolved forms

are favored in runoff from turf, as sediment loss is

typically insignificant (36, 42).  Shuman (37)

observed that the mass of phosphorus in runoff

from golf course fairway turf was directly related

to the fertilizer rate with the initial runoff event

containing the majority of the transported phos-

phorus.  

Fairways comprise approximately one-

third the managed turf of a typcial golf course (21,

42), which may be adjacent to surface waters.

Therefore 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.
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SUMMARY

Excess nutrients in surfaces waters can result in unde-

sirable consequences. Experiments were designed to quan-

tify phosphorus and nitrogen transport with runoff from

plots maintained as a golf course fairway to identify which

cultural practice, solid tine or hollow tine core cultivation,

will maximize nutrient retention at the site of application

and reduce nutrient concentrations in adjacent surface

waters.  The study found: 

Runoff volumes and amounts of ammonium nitrogen,

nitrate nitrogen, and soluble phosphorus transported with

runoff were less from turf managed with hollow tines than

solid tines.

Concentrations of nitrogen in a surface water receiving

runoff from turf, managed with either solid tines or hollow

tines, were below the drinking water standard for nitrate

nitrogen (10 mg L-1) and levels associated with increased

algal growth (1 mg L-1).

Only surface water concentrations associated with hol-

low tine core cultivation 2 days prior to runoff displayed

concentrations of phosphorus below the water quality crite-

ria to limit eutrophication in streams draining into lakes and

reservoirs (0.05 mg L-1).

Regardless of the cultivation practice, concentrations of

phosphorus in a surface water receiving turf runoff exceed-

ed levels associated with increased algal growth and

eutrophication within a lake or reservoir (0.025 mg L-1).  
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Reduced surface runoff has been observed in turf

compared with tilled soils (13), and creeping bent-

grass (Agrostis stolonifera L.) maintained as a

golf course fairway has been shown to reduce sur-

face runoff compared to perennial ryegrass

(Lolium perenne L.) (19).  However, golf courses

have also been shown to contribute to increased

nutrient loads in receiving surface waters.  King et

al. (16) observerd storm runoff from a golf course

in Texas that 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.  

Golf courses and recreational fields are

subject to foot and vehicle traffic that cause soil

compaction and turf wear, reducing water infiltra-

tion and increasing turf stress (1, 11).  Golf course

fairways and putting greens are often managed

with core cultivation during the spring and fall to

alleviate surface compaction, enhance water infil-

tration, control thatch, and stimulate root and

shoot growth (2, 3, 5, 7, 11, 23, 24, 39, 43).  Solid

tine core cultivation requires a reduced amount of

labor and is less disruptive to the surface of the

turf but is believed to cause localized compaction

(26). Cultivation with hollow tines typically

involves removing cores from the turf, which are

air-dried and brushed back into the open holes

(26).   

The overall objective of the present study

was to identify which cultural practice, solid tine

or hollow tine core cultivation, maximizes nitro-

gen and phosphorus retention at the site of fertil-

izer application, thereby maintaining turf while

minimizing adverse environmental effects associ-

ated with the off-site transport of nutrients.

Runoff volume and the mass of ammonium nitro-

gen, nitrate nitrogen and soluble phosphorus

transported with runoff from fairway turf were

measured.  Characteristics of a local golf course

(area of fairway turf contributing runoff to an

adjacent surface water of known volume) were

used to extrapolate edge-of-plot runoff data to sur-

face water concentrations that were compared

with water quality criteria to determine which

core cultivation practice was more efficient at mit-

igating environmental risk.

Site Description

Experiments were performed on turf plots

(plot size: 24.4 m length x 6.1 m width, 6 plots)
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Figure 1. Creeping bentgrass turf managed with solid tine (A) or hollow tine (B) core cultivation.  Cores removed with the hol-
low tines (pictured above in B) were air dried and worked back into the turf with a leaf rake.  Turf and thatch that remained on
the surface were removed with a back-pack blower prior to fertilizer application and runoff events.    
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managed as a golf course fairway (height of cut:

1.25 cm, three times weekly, clippings removed;

topdressed: 1.6-mm depth of sand, weekly) at the

University of Minnesota Turf Research, Outreach

and Education Center (Saint Paul, MN).  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.  

Core Cultivation

Plots were aerated with either solid tines

(0.95-cm diameter x 11.43-cm depth with 5-cm x

5-cm spacing) or hollow tines (0.95-cm internal

diameter x 11.43-cm depth with 5-cm x 5-cm

spacing) on June 21 and September 28 (Figure 1).

Cores removed with the hollow tines were air

dried and worked back into the turf.  Turf and

thatch remaining on the surface were removed

with a back-pack blower.  Sand topdressing was

not performed within a week of simulated precip-

itation or immediately following core cultivation.    

Fertililzer Application and Simulated

Precipitation

A rainfall simulator (9, 29) was construct-

ed to deliver precipitation similar to storm intensi-

ties recorded in Minnesota during July through

October (Figure 2).  Two days prior to initiation of

simulated precipitation, each plot was pre-wet

with the maintenance irrigation beyond soil satu-

ration to allow for collection of background sam-

ples and provide uniform water distribution across

the plots.  

Granular fertilizer containing 18% nitro-

gen (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 at

label rates (136.5 kg/ha = 24.4 kg/ha N and 1.8

3

Figure 2.  A rainfall simulator deliver precipitation resembling storm intensities recorded in Minnesota.  Rain gauges distributed
across the plots verified quantity and rate of precipitation.  



kg/ha P; 121.5 lbs/acre = 21.7 lbs/acre N and 1.6

lbs/acre P) to all plots perpendicular to runoff

flow, followed by brief irrigation (< 1 mm) with

the maintenance irrigation system.  Simulated pre-

cipitation was initiated 26 hours (± 13) after fer-

tilizer application when soil moistures were at 46

% (± 7) water holding capacity.  Petri dishes and

rain gauges distributed across the plots verified

fertilizer application rates and the quantity and

rate of simulated precipitation.  

Runoff Collection and Nutrient Analysis

Runoff collection systems, modified from

the design of Cole et al. (8), were constructed at

the edge of each plot to guide runoff from the turf

to flumes equipped with automated samplers and

flow meters (29, Figure 3).  Water samples were

removed from the automated samplers and stored

frozen until laboratory analysis.  Irrigation source

water, background runoff water, and background

runoff spiked with the applied fertilizer served as

blank and positive control samples.  

Water samples were analyzed for soluble

phosphorus, ammonium nitrogen, and nitrate

nitrogen.  Soluble phosphorus was quantified

from filtered water samples following standard

methodologies for molybdenum blue reaction and

spectrophotometric quantification (25, 35).

Levels of ammonium nitrogen and nitrate nitrogen

were determined by the diffusion-conductivity

method involving the gaseous diffusion of ammo-

nia across a gas permeable membrane in the pres-

ence of excess potassium hydroxide with subse-

quent conductivity detection (6).       

Calculating Nutrient Concentrations in a Pond

Receiving Turf Runoff  

Nutrient loads (mg m-2) in the edge-of-

4

Figure 3.   Runoff collection gutters guided runoff from the turf to flumes equipped with automated samplers and flow meters.
Gutter covers and flume shields prevented dilution of runoff with precipitation (shown in Figure 2).    



plot runoff were calculated from recorded runoff

volumes (L m-2) and measured concentrations

(mg L-1) of soluble phosphorus, ammonium nitro-

gen, and nitrate nitrogen in the runoff.  Nutrient

concentrations in a body of water receiving the

runoff was determined using characteristics of a

golf course located less than 20 miles from our

study site, including the volume (L) of a pond

receiving runoff from a known area of the golf

course (m2) and considering the percentage of that

area represented by fairway turf.  

Estimated nutrient concentrations of the

surface water receiving runoff from fairway turf

managed with solid tine or hollow tine core culti-

vation were compared to water quality criteria and

drinking water standards to evaluate which core

cultivation practice would be more efficient at

mitigating environmental risk. Detailed descrip-

tions of the calculations are provided elsewhere

(29).   

Statistical Analysis  

The rainfall simulator delivered precipita-

tion to two plots simultaneously.  Therefore a ran-

domized complete block design was used to

assign one of each core cultivation treatment to a

block, providing three replicate side-by-side com-

parisons of solid tine and hollow tine core cultiva-

tion for each runoff event.  Analyses of variance

were performed to evaluate runoff volumes and

nutrient loads, with core cultivation as the single

criteria of classification for the data (38).  

Reduced Runoff Volume with Hollow Tine

Core Cultivation

Runoff experiments were initiated on

August 23 and September 30, while the turf was

actively growing (mean air temperatures: August

1-31 (71˚ F), September 1-30 (67˚ F)).  In each

event precipitation was terminated 90 minutes fol-

lowing the onset of runoff.  Overall, runoff vol-

umes were less from fairway turf plots managed

with hollow tine core cultivation compared to

solid tine core cultivation.  

Although a delay in the construction of the

rainfall simulator resulted in a variation of time

between core cultivation and simulated precipita-

tion for the two runoff events (63 days, 2 days),

the trends observed in runoff volume between hol-

low tine and solid tine core cultivation were com-

parable.  For example hydrographs displayed

reductions in runoff volume from plots aerated

with hollow tines compared to solid tines for more

than 80% of the recorded data (n > 130).  When

cumulative runoff volumes were considered, plots

receiving core cultivation 63 days prior to rainfall

simulation demonstrated a 10% reduction with

hollow tines compared to solid tines (Figure 4A).

The same trends were observed and enhanced

when plots received core cultivation 2 days prior

to simulated rainfall resulting in a 55% reduction

in cumulative runoff volume from hollow tine

plots (Figure 4B).  A smaller percentage of applied

precipitation was measured as runoff from plots

managed with hollow tines (28 to 36%) compared
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Figure 4. Cumulative volume of water measured as runoff from turf plots managed with hollow tine or solid tine core cultiva-
tion 63 days (A) and 2 days (B) prior to simulated precipitation and runoff.  



to solid tines (41 to 62%), suggesting improved

infiltration of precipitation with hollow tine core

cultivation.  

The greatest distinction in soil physical

properties between plots managed with solid tines

or hollow tines is most evident soon after cultiva-

tion and lessens with time as compaction dissi-

pates, roots grow and holes are filled or covered.

As a result, the greatest divergence in runoff vol-

umes between treatments was observed at 2 days

following cultivation compared to 63 days.   Other

researchers have reported greater air porosity and

saturated water conductivity in turf managed with

hollow tines compared to solid tines (26) and

enhanced water infiltration in turf managed with

hollow tine core cultivation compare to untreated

turf (2, 23).  

Reduced Nutrient Transport in Runoff with

Hollow Tine Core Cultivation

Analysis of the source water applied as

maintenance irrigation and simulated precipitation

contained negligible levels of nutrients (less than

0.005 mg L-1), which were subtracted from the

results presented here. Soluble phosphorus, nitrate

nitrogen and ammonium nitrogen were detected in

the initial runoff sample and throughout the runoff

events. 

The quantity of nutrients transported with

runoff from plots managed with solid tines

exceeded that of plots managed with hollow tines.

Plots receiving hollow tine core cultivation 63

days prior to runoff showed a 27%, 15%, and 5%

reduction in cumulative loads of soluble phospho-

rus, ammonium nitrogen, and nitrate nitrogen,

respectively (Figure 5A).  Greater reductions in

nutrient transport with runoff from turf managed

with hollow tines compared to solid tines were

observed 2 days following core cultivation with

47%, 39%, and 77% decline in cumulative loads

of soluble phosphorus, ammonium nitrogen, and

nitrate nitrogen, respectively (Figure 5B).  

Analysis of nutrient loads with runoff vol-

umes and nutrient concentrations revealed loads

were attributed to runoff volume more than chem-

ical concentrations for both core cultivation prac-

tices (volume r2 = 0.66 to 0.89, concentration r2 =

0.09 to 0.19).  This greater association of chemi-

cal load with runoff volume explains, in part, the

increased nutrient transport associated with the

solid tine plots compared to hollow tine plots and

the increased difference in nutrient loads between

cultivation practices at 2 days compared to 63

days.

Solid tine core cultivation pushes the soil

aside to create channels while hollow tine core

cultivation removes cores and returns the soil
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Figure 5.  Mean cumulative load of soluble phosphorus, ammonium nitrogen and nitrate nitrogen measured in runoff from
creeping bentgrass turf plots managed with solid tine or hollow tine core cultivation 63 days (A) and 2 days (B) prior to simu-
lated precipitation and runoff.  Fertilizer (18-3-18, % available nitrogen-phosphate-potash) was applied 26 hours (± 13) prior to
simulated precipitation and runoff.  Standard deviations of the means are presented as error bars.  An asterisk represents sta-
tistical difference (p < 0.05) between the paired means.  



back to the turf.  Consequently one would antici-

pate increased accessibility of soil adsorptive sites

with the hollow tine cultivation and greater soil

compaction with the solid tine cultivation.  This

would influence availability of applied chemicals

for transport (12, 20, 28) and infiltration and

hydraulic conductivity as previously reported (2,

23, 26).  

Effect of Cultivation on Nutrient

Concentrations in Surface Waters

Estimated environmental concentrations

of nutrients in a surface water receiving runoff

from fairway turf managed with either solid tines

or hollow tines resulted in 0.04 to 0.10 mg L-1 of

soluble phosphorus, 0.04 to 0.07 mg L-1 of ammo-

7

Figure 6.  Estimated environmental concentrations of phosphorus (soluble phosphorus) (A) and nitrogen (ammonium nitrogen
and nitrate nitrogen ) (B) in a surface water receiving runoff from fairway turf managed with hollow tine or solid tine core culti-
vation 63 days and 2 days prior to runoff.  The broken lines represent established water quality criteria and drinking water stan-
dards.  Split bars in the nitrogen graph (B) represent nitrate nitrogen on top and ammonium nitrogen loads on the bottom.  



nium nitrogen, and 0.01 to 0.03 mg L-1 of nitrate

nitrogen.  When compared with water quality

guidelines for phosphorus, only surface water

concentrations associated with hollow tine core

cultivation 2 days prior to runoff displayed con-

centrations of phosphorus below the U.S. EPA

water quality criteria to limit eutrophication in

streams draining into lakes and reservoirs (0.05

mg L-1, Figure 6A).  

Regardless of the cultivation practice, sur-

face water concentrations of phosphorus exceeded

levels associated with eutrophication within a lake

or reservoir (0.025 mg L-1) and increased algal

growth (0.025 mg L-1, 32, 40).  In contrast,  sur-

face water concentrations of nitrogen were well

below levels associated with increased algal

growth (1 mg L-1) and the drinking water standard

for nitrate nitrogen (10 mg L-1, 32, 40, 42, Figure

6B). 

Although we observed a reduction in

runoff volume and loads of nutrients with runoff

from turf managed with hollow tine compared to

solid tine core cultivation, the difference in esti-

mated environmental concentrations associated

with the cultivation practices did not result in

drastic changes relative to water quality standards

for algal growth or eutrophication (exception: sol-

uble phosphorus, hollow tine, 2 days after aera-

tion).  This is in contrast to our previous observa-

tions with pesticides where, with a few excep-

tions, replacing solid tine core cultivation with

hollow tine core cultivation resulted in surface

water concentrations of the pesticides below lev-

els of concern for the sensitive aquatic organisms

evaluated (30).  

The sensitivity of organisms to nitrate has

been shown to vary greatly depending on the

species and stage of development (15, 33).

Metabolic effects have been observed with early

or delayed metamorphosis of toad and frog tad-

poles exposed to nitrate or nitrite, however, at lev-

els well above the concentrations reported here

(14, 22, 44). Disturbance of normal cell-to-cell

interaction and function of the endocrine system

can result from exposure of pollutants at relative-

ly low concentrations. Scientists have reported

potential endocrine disruption associated with

exposure to nitrate, noting a significant inverse

relationship between nitrate levels in lake water

and plasma testosterone concentrations in juvenile

alligators, warranting the need for further evalua-

tion (14).  

Studies have shown that mixtures of pollu-

tants can result in additive, synergistic, or antago-

nistic effects (17).  Evaluation of more sensitive

toxicological endpoints, such as biomarkers asso-

ciated with endocrine disruption and potential

synergistic effects of nutrient and pesticide con-

taminants, may reveal benefits of hollow tine ver-

sus solid tine core cultivation in relation to nutri-

ent transport to surface waters.  However, this was

beyond the scope of the current project.  Overall

understanding nutrient transport with runoff and

identifying strategies that reduce off-site transport

will increase the effectiveness of applied nutrients

at intended sites of application while reducing

inputs to surrounding surface water resources.

Acknowledgements

The present research was funded, in part,

by the USGA Turfgrass and Environmental

Research Program. We thank Christina Borgen,

Troy Carson, Mike Dolan, Shari Greseth, Andrew

Hollman, Craig Krueger, Jeff Lanners, Matthew

McNearney, Jennifer Rittenhouse, Carl Rosen,

Jon Sass, Alex Seeley and Karli Swenson and

Nelson Irrigation.  

Literature Cited

1.  Baldwin, C. M., H. Liu, L. B. McCarty, H. Luo,

J. Toler, and S. H. Long.  2008. Winter foot and

equipment traffic impacts on a ‘L93’ creeping

bentgrass putting green. HortScience 43:922-926.

(TGIF Record 136692)

2. Baldwin, C. M., H. Liu, and P. J. Brown. 2006.

Effects of core cultivation tine entry angle on golf

putting greens. HortTech. 16:265-269. (TGIF

Record 203369)

8

http://www.lib.msu.edu/cgi-bin/flink.pl?recno=136692
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=203369
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=203369


3. Beard, J. B. 1973. Turfgrass: science and cul-

ture. Prentice-Hall, Engelwood Cliffs, NJ. (TGIF

Record 294)

4. Beman, J. M., K. R. Arrigo, P. A. Matson. 2005.

Agricultural runoff fuels large phytoplankton

blooms in vulnerable areas of the ocean. Nature
10:211-214. 

5. Callahan, L. M., W. L. Sanders, J. M. Parham,

C. A. Harper, L. D. Lester, and E. R. McDonald.

1998. Cultural and chemical controls of thatch and

their influence on rootzone nutrients in a bent-

grass green. Crop Sci. 38:181-187. (TGIF Record

42001)

6. 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. 

7. Carrow, R. N., B. J. Johnson, and R. E. Burns.

1987. Thatch and quality of ‘Tifway’ bermuda-

grass turf in relation to fertility and cultivation.

Agron. J. 79:524-530. (TGIF Record 10154)

8. 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)

9. 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. 

10. Correl, D. L. 1998. The role of phosphorus in

the eutrophication of receiving waters: A review.

J. Environ. Qual. 27:261-266. (TGIF Record

42386) 

11. Dunn, J. H., D. D. Minner, B. F. Fresenburg, S.

S. Bughrara, and C. H. Hohnstrater. 1995.

Influence of core aerification, topdressing, and

nitrogen on mat, roots and quality of ‘Meyer’

zoysiagrass. Agron. J. 87:891-894. (TGIF Record

35964)

12. Gardner,  D. S, B. E. Branham, and D. W.

Lickfeldt. 2000. Effect of turfgrass on soil mobil-

ity and dissipation of cyproconazole. Crop Sci.
40:1333-1339. (TGIF Record 69241)

13. 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)

14. Guillette, L. J., and T. M. Edwards. 2005. Is

nitrate an ecological relevant endocrine disruptor

in vertebrates? Integr. Comp. Biol. 45:19-27. 

15. Kincheloe, J. W., G.  A. Wedemeyer, and D. L.

Koch. 1979. Tolerance of developing salmonid

eggs and fry to nitrate exposure. Bull. Environ.
Contam. Toxicol. 23:574-578. 

16. King, K.W., R. D. Harmel, H. A. Torbert, and

J. C. Balogh. 2001.  Impact of a turfgrass system

on nutrient loadings to surface water. J. Am. Water
Resour. Assoc. 37:629-640. (TGIF Record 85720)

17. Klaassen, C. D. 1996. Casarett & Doull’s tox-

icology: the basic science of poisons, 5th ed.

McGraw-Hill, New York, NY.

18. Knobeloch, L., B. Salna, A. Hogan, J. Postle,

and H. Anderson H. 2000. Blue babies and nitrate-

contaminated well water. Environ. Health
Perspect. 108:675-678. 

19. Linde, D. T., T. L. Watschke, A. R. Jarrett, J.

A. Borger. 1995. Surface runoff assessment from

creeping bentgrass and perennial ryegrass turf.

Agron. J. 87:176-182. (TGIF Record 37384)

20. Liu, L. X., T. Hsiang, and J. L. Eggens. 1995.

Core cultivation and efficacy of benomyl applied

to creeping bentgrass. Agron. J. 87:272-275.

(TGIF Record 37385)

9

http://www.lib.msu.edu/cgi-bin/flink.pl?recno=294
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=294
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=42001
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=42001
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=10154
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=35964
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=35964
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=69241
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=85720
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=37384
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=37385


21. Lyman, G. T., C. S. Throssell, M. E. Johnson,

G. A. Stacey, and C. D. Brown. 2007. Golf course

profile describes turfgrass, landscape and environ-

mental stewardship features. Applied Turfgrass
Science (doi:10.1094/ATS-2007-1107-01-RS).

(TGIF Record 130525)

22. Marco, A., and A. R. Blaustein. 1999. The

effects of nitrite on behavior and metamorphosis

in Cascades frogs (Rana cascadae). Environ.
Toxicol. Chem. 18: 946-949. 

23. McCarty, L. B., M. F. Gregg, and J. E. Toler.

2007. Thatch and mat management in an estab-

lished creeping bentgrass golf green. Agron. J.
99:1530-1537. (TGIF Record  131334)

24. McCarty, L. B., M. F. Gregg, J. E. Toler, J. J.

Camberato, and H. S. Hill. 2005. Minimizing

thatch and mat development in a newly seeded

creeping bentgrass golf green. Crop Sci. 45:1529-

1535. (TGIF Record 105580)

25. Murphy, J., and J. P. Riley. 1962. A modified

single solution method for determination of phos-

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

36. 

26. Murphy, J. A, P. E. Rieke, and A. E. Erickson.

1993. Core cultivation of a putting green with hol-

low and solid tines. Agron. J. 85:1-9. (TGIF

Record 26844)

27. Pensa, M. A., and R. M. Chambers. 2004.

Trophic transition in a lake on the Virginia coastal

plain. J. Environ. Qual. 33:576-580. 

28. Raturi, S., K. R. Islam, M. J. Caroll, and R. L.

Hill. 2005. Carbaryl, 2,4-D, and triclopyr adsorp-

tion in thatch-soil ecosystems. Environ. Sci.
Health Part B 40:697-710. (TGIF Record 203429)

29. Rice, P. J., and B. P. Horgan. 2011. Nutrient

loss with runoff from fairway turf: An evaluation

of core cultivation practices and their environ-

mental impact. Environ. Toxicol. Chem. 30: 2473-

2480. (TGIF Record 203542)

30. Rice, P. J., B. P. Horgan, and J. L. Rittenhouse.

2010. Evaluation of core cultivation practices to

reduce ecological risk of pesticides in runoff from

Agrostis palustris.  Environ. Toxicol. Chem.
29:1215-1223. (TGIF Record 163674)

31. Rice, P.  J., L.  L. McConnell, L. P. Heighton,

A. M. Sadeghi, A. R. Isensee, J. R. Teasdale, A. A.

Abdul-Baki, J. A. Harman-Fetcho, and C. J.

Hapeman. 2001. Runoff loss of pesticides and

soil: A comparison between vegetative mulch and

plastic mulch in vegetable production systems. J.
Environ. Qual. 30:1808-1821. 

32. Schindler, D. W. 1977.  Evolution of phospho-

rus limitation in lakes. Science 195:260-262. 

33. Scott, G., and T. L. Crunkilton. 2000. Acute

and chronic toxicity of nitrate to fathead minnow

(Pimephales promelas), Ceriodaphnia dubia, and

Daphnia magna. Environ. Toxicol. Chem.
19:2918-2922. 

34. 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. 

35. Sharpley, A. N. 2000. Agriculture and phos-

phorus management: the Chesapeake bay. CRC,

Boca Raton, FL, USA. 

36. Sharpley, A. N., S. C. Chapra, R. Wedephol, J.

T. Sims, T. C. Daniel, and K. R. Reddy. 1994.

Managing agricultural phosphorus for protection

of surface waters: issues and options. J. Environ.
Qual. 23:437-451. 

37. Shuman, L. M. 2002. Phosphorus and nitrate

nitrogen in runoff following fertilizer application

to turfgrass. J. Environ. Qual. 31:1710-1715.

(TGIF Record 82742)

38. Steel,  R. G. D, J. H. Torrie, and D. A. Dickey.

10

http://www.lib.msu.edu/cgi-bin/flink.pl?recno=130525
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=131334
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=105580
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=26844
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=26844
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=203429
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=203542
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=163674
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=82742


1997. Principles and procedures of statistics: a

biometrical approach, 3rd ed. McGraw-Hill, New

York. 

39. Turgeon, A. J. 1985. Turfgrass management,

2nd ed. Reston Publishing, Reston, VA. (TGIF

Record 13745)

40. USEPA (U.S. Environmental Protection

Agency). 1986. Quality criteria for water. EPA

440/5-86-001. Office of Water Regulations and

Standards, Washington, DC. 

41. Vavrek, B. 2005. Phosphorus under fire: Will

the increasing number of fertilizer restrictions

affect your maintenance program? USGA Green
Section Record 43(4):1-6 (TGIF Record 105241)

42. Walker, W. J., and B. Branham. 1992.

Environmental impacts of turfgrass fertilization.

Pages 105-219. In J. C. Balogh and W. J. Walker

(eds.) Golf Course Management and

Construction: Environmental Issues. Lewis Publ.,

Chelsea, MI. (TGIF Record  23359)

43. White,  R. H, and R. Dickens. 1984. Thatch

accumulation in bermudagrass as influenced by

cultural practices. Agron. J. 76:19-22. (TGIF

Record 458)

44. Xu, Q., and R. S. Oldham. 1997. Lethal and

sublethal effects of nitrogen fertilizer ammonium

nitrate on common toad (Bufo bufo) tadpoles.

Arch. Environ. Contam. Toxicol. 32:298-303. 

11

http://www.lib.msu.edu/cgi-bin/flink.pl?recno=13745
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=13745
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=458
http://www.lib.msu.edu/cgi-bin/flink.pl?recno=458



