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Overall Proiect Outcome and Results 
Nitrate leaching to groundwater and phosphorus runoff to surface water are major concerns in sandy 
ecoregions in Minnesota. Some of these concerns can be attributed to agricultural crop management. 
This project was comprised of research, demonstration, and outreach to address strategies that can be 
used to minimize or reduce nitrate leaching and phosphorus runoff in agricultural settings. 

Research evaluating slowed nitrogen transformation products, nitrogen application timing, and nitrogen 
rates was conducted on potatoes, kidney beans, and corn under irrigation on sandy soils. For potatoes, 
variety response to nitrogen rate, source, and timing was also evaluated. Results showed several 
nitrogen management approaches reduced nitrate leaching while maintaining economic yields. Based on 
these results, promising treatments were demonstrated at a field scale using cost share monies. In some 
cases, producers tested or adopted new practices without the cost share incentive. 

• For potatoes, results show that at equivalent nitrogen rates, use of slow release nitrogen reduced 
nitrate leaching on average by 20 lb nitrogen per acre. Economically optimum nitrogen rates 
could be reduced by an average of 15 lb nitrogen per acre with slow release nitrogen. In addition, 
a primary advantage of using slow release nitrogen was that only one application was required 
instead of multiple applications, which resulted in lower application costs. As a result of this 
research, slow release nitrogen is being used on ~15,000 acres in the state or about 1/3 of the 
potato acreage. The reduction in leaching to groundwater based on these results is 300,000 lbs 
of nitrogen in the state for potatoes alone. 

• For com the slow nitrogen release product applied at planting resulted in a 29 bu/acre increase 
over the one time application of untreated urea at planting and also allowed eliminating a split 
nitrogen application. Nitrate leaching was also significantly reduced. 

• Similar results were found for kidney beans. It was also shown that the kidney bean nitrogen rate 
could be reduced by one third when the coated urea was used at planting. 

A number of best management practices for using polymer coated urea in irrigated potato, kidney bean, 
and com production systems have been developed as result of this research. 

The research and demonstration results were the basis for a number of educational programs for farmers 
and those that advise farmers to encourage implementation over a wide area with high risk soils and 
aquifers. In cooperation with the Minnesota Department of Agriculture, two surveys were also conducted 
in 12 counties with sandy soils and surficial aquifers to determine nitrate levels in private and municipal 
well water and the economics of treating water from them. The survey was targeted to sandy regions by 



combining a zip code map with a soil association map or with nitrate probability maps from the Minnesota 
Department of Health. In the private well water survey about 6% of the wells were found to be above the 
US EPA drinking water standard of 10 ppm nitrate-nitrogen. The survey highlighted the-economics of 
nitrate leaching and some of the options that municipalities and private well owners have taken to deal 
with high nitrate in their drinking water. The Minnesota Phosphorus Source Assessment Tool (PSAT) 
was developed to allow evaluation of phosphorus sources in small watersheds for educational and 
planning purposes. The PSAT is currently being used by water planners such as Soil and Water 
Consetvation Districts, Watershed Districts, and Lake Associations. Six peer reviewed publications and 
three fact sheets have been produced based on the research conducted in this project. 

FrC>i~~t R.e.fi~l.~lJ~~ ~f"ld Q~§§emination 
Presentations were made to various organizations and at various conferences throughout the project 
period. This included presentations to the Northern Plains Potato Growers Association, Soil Science 
Society of America, American Society for Horticultural Science, Minnesota Ground Water Association, 
and others. Additionally, hundreds of growers and grower consultants were contacted about the project 
and its findings. Hands-on demonstrations of the Phosphorus Source Assessment Tool (PSAT) were 
conducted across the state, and it is now being used by soil and water conservation districts, watershed 
districts, lake associations, and others. The tool, back ground information, and user manual are available 
athttp://www.mnpi.umn.edu/psat.htm. Fin ally, the project findings were presented in numerous peer­
reviewed articles and through numerous fact sheets available on the web. 



Trust Fund 2008 Work Program Final Report 

Date of Report: October 28, 2010 
Date of Next Status Report: Final Report 
Date of Work program Approval: June 24, 2005 
Project Completion Date: June 30, 201 O 

I. PROJECT TITLE: Improving Water Quality on the Central Sands 

Project Managers*: John F. Moncrief and Carl J. Rosen-U of M 1 Robert Schafer­
CLC 
Affiliation: University of MN and Central Lakes College 
Mailing Address: University of MN, 1991 Upper Buford Circle and Central Lakes 
Agricultural Center, 1830 Airport Road respectively 
City/ State/ Zip: St. Paul, MN 55108 and Staples 1 MN 56479 
Telephone Number: Office: Moncrief 651-492-8434; Rosen 612-625-8114; 
Schafer 218-894-5160 Email Address: John F. Moncrief 
<moncr001@umn.edu> 1 Carl J. Rosen <crosen@umn.edu>, Robert Schafer 
<rschafer@clcmn.edu> 
Web Page address: N/A 

* This project has several major components requiring multiple managers. The U 
of M has major responsibility for the research component. The CLC has major 
responsibility for the demonstration-implementation component. 

Location: Sandy Ecoregions of MN (see map). Primarily: Becker, Benton, 
Cass, Crow Wing, Dakota, Hubbard, Itasca, Mille Lacs, Morrison, Ottertail, 
Sherburne, Stearns, Swift, Todd, and Wadena Counties. 

Total Biennial LCMR Project Budget: LCMR Appropriation: 
Amount Spent: 

Balance: 

$587,000 
$586,358 

$642 

Legal Citation: ML 2005 First Special Session, [Chap. 1 ], Article 2 
Sec.[ 11 t Subd. 7(i) 

Appropriation Language: 
As amended by ML 2008, Chap. 367, Sec. 2, Subd.15 Carryforward 

(b) The availability of the appropriations for the following projects are extended to 
June 30, 2010: ((3) Laws 2005, First Special Session chapter 1, article 2, section 
11, subdivision 7, paragraph (i), improving water quality on the central sands; 

7 (i) Improving Water Quality on the Central Sands 
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$294 1000 the first year and $293,000 the second year are from the 
trust fund to the commissioner of natural resources for agreements with the 
University of Minnesota and the Centra I Lakes College Agricultura I Center to 
reduce nitrate and phosphorus losses to groundwater and surface waters of 
sandy ecoregions through the development, promotion, and adoption of new 
farming and land management practices and techniques. This appropriation is 
available until, June 30, 2010 at which time the project must be completed and 
final products delivered, unless an earlier date is specified in the work program. 

IL and 111. FINAL PROJECT SUMMARY: Reduce nitrate and phosphorus losses 
to groundwater and surface waters of sandy ecoregions through the 
development1 promotion 1 and adoption of new farming and land management 
practices and techniques. 

Nitrate leaching to groundwater and phosphorus runoff to surface water are 
major concerns in sandy ecoregions in Minnesota. Some of these concerns can 
be attributed to agricultural crop management This project was comprised of 
research, demonstration, and outreach to address strategies that can be used to 
minimize or reduce- nitrate leaching and phosphorus runoff in agricultural 
settings. Research evaluating slowed nitrogen (N) transformation products 1 N 
application timing, and N rates was conducted on potatoes, kidney beans, and 
corn under irrigation on sandy soils. For potatoes, variety response to N rate, 
source, and timing was also evaluated. Results showed several N management 
approaches reduced nitrate leaching while maintaining economic yields. Based 
on these results, promising treatments were demonstrated at a field scale using 
cost share monies. In some cases, producers tested or adopted new practices 
without the cost share incentive. For potatoes, results show that at equivalent N 
rates, use of slow release N reduced nitrate leaching on average by 20 lb N per 
acre. Economically optimum N rate could be by an average of 15 lb N per acre 
with stow release N. In addition 1 a primary advantage of using stow release N 
was that only one application was required instead of multiple applications, which 
resulted in lower application costs. As a result of this research, slow release N is 
being used on ~15 1000 acres in the state or about 1/3 of the acreage. The 
reduction in ~eaching to groundwater based on these results is 300,000 lbs of N 
in the state for potatoes alone. For corn 1 the slow N release product applied at 
planting resulted 1n a 29 bu/acre increase over the one time application of 
untreated urea at planting and also allowed eliminating a split N application. 
Nitrate leaching was also significantly reduced. Similar results were found for 
kidney beans. It was also shown that the kidney bean N rate could be reduced by 
one third when the coated urea was used at planting. The research and 
demonstration results were the basis for a number of educational programs for 
farmers and those that advise farmers to encourage implementation over a wide 
area with high risk soils and aquifers. In cooperation with the Minnesota 
Department of Agriculture, two surveys were also conducted in 12 counties with 
sandy soils and surficial aquifers to determine nitrate levels in private and 
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municipal well water and the economics of treating water from them. In the 
private well water survey about 6% of the wells were found to be above the 
USEPA drinking water standard of 1 O ppm nitrate-nitrogen. The survey 
highlighted the economics of nitrate leaching and some of the options that 
municipalities and private well owners have taken to deal with high nitrate in their 
drinking water. The Minnesota Phosphorus Source Assessment Tool (PSAT) 
was developed to allow evaluation of P sources in small watersheds for 
educational and planning purposes. The PSAT is currently being used by water 
planners such as Soil and Water Conservation Districts, Watershed Districts, and 
Lake Associations. Six peer reviewed publications and three fact sheets have 
been produced based on the research conducted in this project. 

IV. OUTLINE OF PROJECT RESULTS: The economy of the Central Sands 
region of Minnesota depends heavily on both agriculture and recreation. About 
40% of the region is agricultural land. The remainder is largely covered by forests 
and lakes. While the agricultural economy depends on phosphorus and nitrogen 
applications for crop productivity, the recreational economy depends on keeping 
those nutrients out of lakes. A growing number of communities on irrigated sandy 
soils with shallow and vulnerable aquifers (Perham, Park Rapids, Cold Spring 1 

Rice 1 and Hastings 1 for example) are experiencing increased levels of nitrate in 
their public water supply due 1 in part, to nearby farming operations. The coarse­
textured soils are a special consideration in examining nutrient movement in the 
region. The results of this project aim to identify regionally appropriate land 
management alternatives for reducing nutrient losses to water, and to justify 
these alternatives by beginning to document their costs and benefits. 

• The effectiveness of new farming techniques will be examined. 
Techniques include new generation of polymer coated controlled release 
nitrogen fertilizer, nitrogen rate recommendations, evaluation of newly 
released nitrogen efficient (eco-friendly) crop varieties, phytofiltration to 
remove ground water nitrate while providing income, and deep tillage on 
responsive soi Is. 

• Phosphorus losses to lakes, which reduce recreational appeal, will also be 
addressed by creating a tool that quantifies the risk and identifies actions 
that reduce losses. The Minnesota Phosphorus Index (currently used by 
farmers) will be modified to address fand use activities in proximity of 
lakes. 

• Accelerated adoption of new farming techniques that reduce the risk of 
nitrogen loss is necessary to reduce nitrate losses to drinking water 
supplies. This will be accomplished by on-farm demonstration and 
outreach efforts based on results from the field studies. Demonstrations 
will be strategically located on sensitive soils and aquifers. Profitability 
and water quality impacts will be considered on a field scale. 

• The costs of input expenses and yields associated with the various 
techniques will be measured. One benefit of these new farming 
techniques is the protection of drinking water quality. This benefit will be 
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estimated by documenting the potential costs of nitrate contamination 
incurred by municipal and private well-owners. 

Result 1: Evaluation of novel techniques 

Description: Techniques such as new forms of nitrogen fertilizer, more efficient 
crop varieties, and deep-rooted rotation crops to improve water quality in 
vulnerable aquifers will be evaluated. Cost/benefit analysis will be achieved by 
characterizing crop response, profitability, and leaching losses of nitrate beyond 
the root zone. Individual landowner incentives through cost share will be used to 
establish and implement these new practices. Outreach meetings will be 
conducted in these ecoregions to disseminate results. 

Summary Budget Information for Result 1:LCMR Budget: 
Spent: 
Balance: 

Completion Date: June 30, 201 0 

$233,001 
$232,757 

$244 

Final Report Summary: A series of studies were conducted at the sand plain 
research farm at Becker Minnesota to evaluate the use of polymer coated urea 
as a source of nitrogen to reduce nitrate leaching and to evaluate several new 
and promising potato varieties for improved nitrogen use efficiency over the 
conventional variety Russet Burbank. Three peer reviewed manuscripts and one 
extension bulletin were published based on the results of this portion of the 
project Wilson, M.L, C.J.Rosen, and J.F. Moncrief. 2009. Potato response to a 
polymer-coated urea on an irrigated, coarse-textured soil. Agron. J. 101: 897-
905; Wilson 1 M.L. 1 C.J.Rosen, and J.F. Moncrief. 2009. A comparison of 
techniques for determining nitrogen release from polymer coated urea in the 
field. HortScience 44:492-494. Wilson, M.L. 1 C.J.Rosen, and J.F. Moncrief. 
2010. Effects of polymer-coated urea on nitrate leaching and nitrogen uptake by 
potato. J. Environ. Qua!. 39: 39:492-499. Rosen, C.J. 1 and P.M. Bierman. 2008. 
Best management practices for nitrogen use: Irrigated potatoes. Univ. Minn. 
Extension Service: 
http://www.extension.umn.edu/distribution/cropsystems/DC8559.pdf 

In addition two proceeding reports from the 2008 and 2009 season were 
prepared. 

Summaries of the findings are as follows: 

Agronomic effects of using polymer coated urea: 
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Controlled release fertilizers, especially polymer coated urea (PCU), have been 
shown to reduce nitrate (N03) leaching while maintaining potato ( Solanum 
tuberosum L.) yields, but cost has been prohibitive. A new type of PCU (ESN -
Environmentally Smart Nitrogen; Agrium, Inc.) is less costly than previous PCUs 1 

but its effectiveness on potato production has not been extensively studied. A 
two-year field study was conducted to evaluate the effect of this PCU on Russet 
Burbank tuber yield and quality and to determine if it is economically comparable 
to soluble N sources. A study was also done to determine the release rate of N 
from the PCU in the potato hill. The PCU applied at emergence at 90, 180 1 270 
and 360 kg ha·1 N was compared with two split applications of soluble urea 
applied at equivalent rates (45 kg N ha-1 of each rate was applied as 
diammonium phosphate). Two additional PCU treatments (270 kg N ha-1

) were 
applied approximately 1 week before planting (preplant) and at planting to 
determine the effect of timing. An additional urea/urea ammonium nitrate 
treatment of 270 kg N ha·1 was added to simulate fertigation. Petioles and 
midseason soil samples were collected to determine N status during the season. 
Release of N from the PCU was found to be a function of days after planting and 
growing degree days (base of 5°C). overall, total and marketable tuber yields 
and the proportion of tubers above 170 grams were significantly higher in 2007 
than in 2006. The addition of N significantly increased yields compared with the O 
N control. At equivalent N rates, PCU and urea were found to have similar total 
and marketable yields. Petiole nitrate concentrations were typically higher with 
urea early in the season and higher with PCU later in the season. Soil N03 

determined in samples collected in late June was found to be a better predictor of 
yield and potential N need than those collected in mid to late July. The addition of 
N significantly increased net monetary returns compared with the control and net 
returns were higher in 2007 than 2006. At equivalent N rates 1 there were no 
significant differences due to N source. The optimal N rate that resulted in 
maximum net returns was 251 kg N ha·1 of urea while the PCU N rate was lower 
at 236 kg N ha-1

. Overall, the weather during the two study years was drier and 
warmer than the 30-year average. Under the conditions of this study 1 PCU 
produced similar yields and net returns as soluble urea and may reduce the need 
for split applications of N on these coarse-textured soils. This is one of the first 
types of PCU that may be a viable option economically for potato producers in 
the upper Midwest 

Environmental effects of using polymer coated urea 

Growing concerns over increasing nitrate (NO3) concentrations in groundwater in 
potato (Solanum tuberosum L.) production regions of central Minnesota have 
prompted the need to identify alternative N management practices that will 
increase fertilizer N recovery and reduce nitrate leaching. A new type of polymer 
coated urea (PCU) 1 Environmentally Smart Nitrogen (ESN, Agrium U.S. lnc.) 1 

has a significantly lower cost than comparable PCUs 1 but its use in potato 
production has not been extensively studied, especially with respect to nitrogen 
(N) fertilizer recovery, use efficiency, and N03 leaching. Four rates of PCU from 
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80 - 360 kg N ha-1 applied at emergence were compared with equivalent rates of 
urea split applied at emergence and post-hilling during field studies in 2006 and 
2007. A O N control was included 1 as well as two PCU timing treatments applied 
all at preplant or at planting. One additional urea treatment simulated fertigation 
by splitting the post-hilling application further into five applications of 50% urea+ 
50% ammonium nitrate. All treatments included 45 kg N ha-1 as diammonium 
phosphate. Soil water samples at the 120 cm depth were collected using suction 
samplers and analyzed for NO3-N. Deep water percolation (past 120 cm soil 
depth) was determined by the water budget method, and NO3 leaching was 
found as a product of water percolation and NO3-N concentrations on the day of 
occurrence. Tuber and vine N content were determined post-harvest, and soil 
residual inorganic N samples were taken from the top 60 cm. Both 2006 and 
2007 were considered low leaching years. The highest leaching occurred at the 
highest N rates 1 but NO3 leaching with PCU (21.3 kg NO3-N ha-1 averaged over N 
rates) was significantly lower than with two splits of urea (26.9 kg NO3-N ha-1). At 
the 270 kg N ha-1 rate, splitting soluble N into five applications to simulate 
fertigation resulted in similar leaching as PCU. Apparent fertilizer N recovery 
ranged from 45 - 76% of applied N. PCU averaged an N recovery of 65% (over 4 
rates) which was significantly higher than two split applications of urea at 
equivalent rates (55%). Nitrogen use efficiency (NUE) and residual soil inorganic 
N were not significantly affected by N source. In the spring following potato 
harvest, plots previously fertilized with PCU and urea had similar soil water NO3-
N concentrations, which were generally higher than concentrations in the O N 
control plots. Under the conditions of this study1 PCU significantly reduced 
leaching and improved N recovery over two sprits of urea. 

Varietal response to nitrogen rate: 

Field experiments were conducted at the Sand Plain Research Farm in Becker, 
Minn. to evaluate the effects of nitrogen rate, source and timing on yield and 
quality of various processing russet potato varieties. The varieties tested include: 
Russet Burbank (standard), Umatilla Russet 1 Premier Russet, and Bannock 
Russet, and AOND95249-1 Rus (Trail Blazer). Ten N treatments were evaluated. 
Six of the ten treatments were conventional N sources with the following N rates 
(lb/A): 30, 120 1 180, 240 (early), 240 (late) and 300. Four of the ten treatments 
were ESN: 180 and 240 lb N/A preplant and 180 and 240 lb N/A at emergence. 
A starter N rate of 30 lb NIA as monoammonium phosphate was included in the 
total N rate applied. In general, marketable and total yields of all varieties 
increased with increasing N rate with optimum yield between 240 lb N/A and 300 
lb N/A depending on timing and source. For conventional N at the 240 lb N/A 
rate, more up front N was optimum for all varieties. Russet Burbank had the 
highest yield potential and tended to be the highest yielding variety followed by 
Bannock, AOND95249-1 Rus, and Premier, and then Umatilla. Premier, 
Bannock1 AOND95249-1 Rus 1 and Umatilla all had fewer misshaped potatoes 
than Russet Burbank with Premier having the fewest #2 potatoes. Tubers 
greater than 6 and 1 O oz were highest for Premier and AOND95249-1 Rus 
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followed by Bannock 1 Russet Burbank and then Umatilla. While tuber quality 
was improved with the newer varieties 1 their lower yield potential indicates that 
more research is needed before Russet Burbank can be replaced with more N 
efficient varieties. 

Evaluation of phytofiltration techniques: 

In cooperation with the Minnesota Department of Agriculture 1 a center pivot near 
Perham, Minnesota was instrumented with suction tubes to monitor nitrate 
leaching below the root zone. The cropping systems monitored were: Russet 
Burbank potato in 2000, soybean in 2001, Alturas potato in 2002, Alfalfa in 2003-
2007 1 Umatilla potato in 2008, and edible bean in 2009. Reduced levels of 
nitrate in soil water were found with soybean, Alturas potato 1 and the first four 
seasons of alfalfa. During the winter of the fourth season, there was significant 
winter kill of the alfalfa. This resulted in an increase in soil water nitrate 
concentrations during the fifth season. High nitrate in soil water was also found 
in 2008 with potato and 2009 with edible bean 1 which was likely the result of 
nitrogen release from the decaying alfalfa crop and an excess of N fertilizer 
applied. The results of this demonstration indicate the challenges associated 
with reducing nitrate leaching in an irrigated cropping system on sandy soils. 

Overall impact: 

Use of enhanced efficiency fertilizers such as polymer coated urea for potato 
production was shown to reduce nitrate leaching especially when fertigation of 
conventional fertilizer is not possible. Use of these fertilizers is one of many 
practices growers can use to help reduce the impact of agricultural practices on 
groundwater quality. Overall impact is that many potato growers are now using 
enhanced efficiency fertilizers without cost share dollars in their nutrient 
management program to help improve nitrogen use efficiency. Results show that 
at equivalent N rates 1 use of slow release N reduced nitrate leaching on average 
by 20 lb N per acre compared with a two split conventional system. 
Economically optimum N rate could be reduced by an average of 15 lb N per 
acre with slow release N. In addition, a primary advantage of using slow release 
N was that only one application was required instead of multiple applications 1 

which resulted in lower application costs. As a result of this research 1 slow 
release N is being used on ~15,000 acres in the state or about 1/3 of the 
acreage. The reduction in leaching to groundwater based on these results is 
300 1000 lbs of N in the state for potatoes alone. Efforts need to be continued to 
identify potato varieties more efficient in nitrogen use than the conventional 
varieties currently being grown. Research results in the form of presentations 
and proceedings were disseminated during the course of the project to potato 
growers at educational meetings in Becker1 MN and Grand Forks, ND and to 
professional audiences nationally. 
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Result 2: Evaluation/Demonstration of new tillage techniques 

Description: These techniques will provide a favorable crop environment but 
minimize the potential of nitrogen and phosphorus loss. Cost/benefit analysis will 
be achieved by characterizing crop response, profitability, risk of phosphorus 
runoff losses and leaching losses of nitrate beyond the root zone. Cost share 
and technical assistance provided to landowners will encourage adoption of 
these new methods. Outreach meetings will be conducted these ecoregions to 
disseminate resu[ts. 

Summary Budget Information for Result 2: LCMR Budget: $235,046 
Spent: $234,801 
Ba la nee: $245 

Completion Date June 30, 201 0 

Final Report Summary: June 30, 201 0 
Deep tillage effects on irrigated kidney bean and corn production and leaching 
losses of nitrate on soils with restrictive horizons were evaluated. Two refereed 
publications were published describing the results. Wilson M.L. 1 Moncrief J.F. 1 

Rosen C.J. 2008. Kidney bean (Phaseo/us vu/garis L.) production on an irrigated, 
coarse-textured soil in response to polymer coated urea and tillage: I. Grain 
yields, disease severity 1 and a simple economic analysis. Journal of 
Environmental Monitoring and Restoration 5:78-93. Wilson M.L., Moncrief J.F. 1 

Rosen C.J. 2008. Kidney bean (Phaseo/us vulgaris L.) production on an irrigated 1 

coarse-textured soil in response to polymer coated urea and tillage: II. Plant N 
accumulation, nitrate leaching and residual inorganic soil N. Journal of 
Environmental Monitoring and Restoration 5:58-72. Results were presented at 
multiple locations annually to growers and those that advise them. A summary 
of the findings follow. 

Kidney beans (Phaseo/us vulgaris L.) in Minnesota are commonly grown on 
irrigated, coarse-textured soils that are susceptible to nitrate leaching. A dense Bt 
layer that is present in these soils restricts root growth and may increase severity 
of Fusarium root rot. Anecdotal evidence from local growers suggests that 
breaking up the Bt layer reduces the impact of root rot This study was conducted 
to assess different tHlage depths and the use of polymer coated urea (PCU, 
Agrium U.S. Inc. and WSPCU, Specialty Fertilizer Products) on grain yields 1 net 
monetary returns and disease severity. The study was conducted over three 
years as a split plot design. Whole plots were deep and shallow tillage (chisel 
plowed to an average of 47 and 29 cm, respectively) while N treatments were 
subplots. Three rates of PCU applied at emergence were compared with 
equivalent rates of urea split applied at emergence and prebloom for kidney 
beans. Also, one rate of each source, including WSPCU, was applied at planting 
and a O N control was included. Differences between tillage depths were not 
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found~ Disease severity was not significantly affected by tillage depths or N 
treatment. Emergence applied PCU resulted in lower grain yields and monetary 
returns than split urea applications. PCU applied at planting 1 however, resulted in 
similar yields and monetary returns compared with split and planting urea, which 
suggests a more optimal N regime for kidney bean production. Planting applied 
WSPCU also resulted in similar yields and net returns as planting applied urea. 

Differences between tillage treatments were not found except as interactions with 
N treatment. In dry years, emergence applied PCU resulted in reduced grain N 
uptake and more cumulative N03 leaching than split applied urea. In a wet year, 
however, emergence applied PCU resulted in similar plant N uptake and 
significantly less N03 leaching that split applied urea. Planting applied PCU 
resulted in similar plant N uptake and generally less N03 leaching compared with 
split applied and planting urea, regardless of leaching conditions. In dry years 1 

planting applied WSPCU resulted in similar grain N uptake and N03 leaching as 
planting applied urea and PCU. 

Evaluation of similar treatments on corn at Staples, MN, 2008 and 2009 was 
consistent with the kidney bean response. The PCU product and split applied 
urea showed consistently less nitrate leaching losses and higher grain yields 
than untreated urea applied at planting. The soluble polymer coated urea 
product (WSPCU) was worse than untreated urea at planting for nitrate leaching 
and yield. 

Best Management Practices Based on Results 1 and 2 

One of the main objectives of this project was to evaluate new fertilizer 
technologies to improve nitrogen use efficiency and reduce nitrate leaching on 
coarse-textured sandy soils. Polymer coated urea was evaluated in irrigated 
potato, kidney bean, and corn production systems. The following can be 
considered as best management practices for those systems: 

Potatoes 
• Polymer coated urea at planting or early side dress (at emergence) 
• Untreated urea split applied at emergence and multiple fertigation (40% 

and 60% respectively) 
• Recommended N rate should be targeted at 180 to 240 pounds per acre 

for late season processing varieties if a single application of polymer 
coated urea or if split applications of soluble N are used. 

Kidney Beans 
• Polymer coated urea applied at planting 
• Untreated urea split applied at planting and emergence (40% and 60% 

respectively) 
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• The recommended rate of N is 60 pounds per acre when BMP 
approaches are used. 

Corn 
• Polymer Coated Urea applied at planting or early side dress (V2). 
• Untreated urea split applied at planting and fate side dress-V6 (40% and 

60% respectively). 

Result 3: Modification of Minnesota Phosphorus Index 

Description: This is a tool to quantify risk of phosphorus losses to nearby lakes. 
It will be modified to include land use practices such as nutrient management1 

vegetated buffer zones 1 and changes in surface water storage in proximity to 
lakeshore environments. Workshops on the use and interpretation of the P Index 
will be delivered to end-users. 

Summary Budget Information for Result 3: LCMR Budget: $78,893 
Spent: $78,944 
Balance -$51 

Completion Date: June 30, 2008 

Final Report Summary: A review of literature related to P loss from non­
agricultural land was completed. Based on this review a phosphorus index for the 
mixed land uses of the Central Sands was designed. The SLAM (Source Loading 
and Management) Model was the most appropriate compilation of runoff data 
related to developed land. This model was used to estimate factors and 
weightings for P loss risk factors on non-agricultural, non-forested lands. Recent 
data on P loss from pastures were used to improve the existing agricultural P 
Index. To help users rank the risk of P loss from diverse P sources, existing P 
load estimates from point sources such as individual sewage treatment systems 
were compared to modeled and measured losses from non-point sources. 

Data from regional research sites were used to develop Minnesota-specific 
factors for use in the Watershed Treatment Model (WTM). The WTM was 
developed by the Center for Watershed Protection as a low cost model for 
comparing P loss loads from diverse sources. SLAM was used to assess these 
factors and field tests of the model were performed. Modifications to the WTM 
were completed to make it more appropriate for use in rural central Minnesota. It 
was renamed the Phosphorus Source Asses·sment Tool (PSAT). Workshops 
were conducted in St Cloud, Alexandria 1 Park Rapids, and Brainerd. The 
sessions were well-promoted and attracted 101 attendees. Participants learned 
the basics of Ploss risk 1 and learned how to use the PSAT. Final revisions to the 
were made in response to evaluations of training workshops in June. The PSAT 
can be used for education and for initial watershed assessments or screenings. 
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The main barrier to the use of PSAT is the need for land use data. PSAT and 
support materials are available at www.mnpLumn.edu/psat.htm. At this site you 
can download the user's guide, Power Point presentations of soil P basics and 
PSAT use and interpretation. A poster was presented at the Minnesota Water 
Resources Conference in Brooklyn Center October 23-24, 2007. 

Result 4: Economic impacts 

Description: Surface and ground water degradation wilt be assessed from an 
economic standpoint. The economic value of high quality drinking water will be 
determined by conducting a series of studies with rural homeowners and public 
water suppliers. 

Summary Budget Information for Result 4: LCMR Budget: $40,060 
Spent: $39,856 
Ba la nee: $204 

Completion Date: June 30, 2008 

Final Report Summary: 
Survey of private well owners: We reviewed previous Minnesota research of 
private well water quality and nitrate remediation practice and a draft survey of 
private well owners was developed in cooperation with Bruce Montgomery of the 
Minnesota Department of Agriculture. The survey was targeted to sandy regions 
by combining a zip code map with a soil association map or with nitrate 
probability maps from the Minnesota Department of Health. In developing a 
mailing list, we worked with county E-911 officials to avoid sending surveys to 
people on public water systems. The Minnesota Center for Survey Research 
finalized the design of the survey and sampling methodology. Questionnaires 
were sent to 800 property owners in 11 counties on June 6, 2006 and return rate 
approached 60%. Nitrate test kits were mailed to people who returned the 
surveys. Of the 60% returned, 77% returned a water sample for a nitrate test. Of 
the wells tested 1 6% had nitrate-N levels >10ppm, and another 5% were between 
5 and 1 O ppm. Ten percent of respondents owned or leased a nitrate removal 
system at a cost of nearly $1000 to install and $100/yr to maintain. Average 
remediation costs were $190/yr to buy bottled water, $800 to buy a nitrate 
removal system plus $100/yr for for maintenance, and $7,200 to install a new 
well. Of well owners with NO3-N over 1 O ppm, 24% bought bottled water, 21 % 
installed treatment systems, and 24% installed new wells. Water resource 
planners can compare the costs described in this study to the costs of preventing 
aquifer contamination through education and technical and financial support. This 
study also demonstrates a method for representative sampling of private wells 
without on-site visits, and the continued need for educational programs related to 
routine testing. 
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A poster reporting results was presented at the Minnesota Water and Water 
Resources Conference in October 2006. Details of this study were published in 
the Journal of Soil and Water Conservation. Lewandowski AM 1 Montgomery BR1 

Rosen CJ, Moncrief JF. 2008. Groundwater nitrate contamination costs: A survey 
of private well owners. Journal of Soil and Water Conservation 63: 153-161. A 
two-page summary was also prepared for those interested in a summary version. 

Survey of municipal well managers: A plan for a municipal survey was 
developed that builds off of previous surveys such as the MDA/MDH 2004 study 
and the MOH ''Assessment of Groundwater Contamination Costs to Public Water 
Suppliersll from 1994. In cooperation with the M DH 1 we identified seven 
municipalities with elevated 1 but not excessive, nitrate revels. A questionnaire 
was developed that was mailed to well managers in advance of an in-person 
interview. Results show that nitrate removal systems increase the cost of water 
delivery by fourfold or more. Initial installation costs are $400,000 or much more. 
Even before a treatment system is installed, cities pay for elevated groundwater 
N03 levels through increased costs of siting a new well, more frequent N03 
testing 1 and time spent blending water from multiple wells. Because of the sman 
sample, costs were not surnmarized 1 but were presented as examples of costs 
that could be incurred. This will help municipalities interpret the numbers for their 
unique situation. The interviews also addressed costs of and barriers to wellhead 
protection. Challenges of wellhead protection generally relate to the wide range 
of stakeholders, uneven distribution of costs and benefits, and the limited set of 
tools that cities have to influence land use and management in the well recharge 
area. Two write-ups of the results were completed and reviewed by stakeholders 

V. TOTAL LCMR PROJECT BUDGET: 
See attachment A for details. 

TOTAL LCMR PROJECT BUDGET: $587,000 

Explanation of Capital Expenditures Greater Than $3,500: N/A 

VI. OTHER FUNDS & PARTNERS: 

A. Project Partners: 
Central Region Partnership - Sharon Rezac-Anderson - $0 
Minnesota Department of Agriculture - Bruce Moritgomery and Don Sirucek - $0 
Soil and Water Conservation Districts (Todd County District-Lead) - Kitty Teply -
$871500 
Natural Resource Conservation Service - $0 
University of Minnesota and Minnesota Extension Service - Carl Rosen and John 

. Moncrief $387,000 
USDA Agricultural Research Service - Michael Russe lie $0 
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B. Other Funds being Spent during the Project Period: $0 

C. Required Match (if applicable): N/A 

D. Past Spending: 
Central Region Partnership to evaluate alternative farming practices 
$44 1500 (matching funds to start the field studies); 
Environmental Quality Board for development of P Index for farmers 
$90,000; 
Two LCM R projects in the early 1990s were funded to evaluate nitrate 
leaching potential and management practices on sandy soils. This current 
proposal buHds upon those projects and introduces new techniques that 
were not available or known 1 O years ago. 

E. Time: April 2005 to December 2007. If this project is selected in the 
initial screening process, we will seek additional support from the Central 
Region Partnership to start the project during the spring 2005 growing 
season. Extending the project to December of 2007 will provide three full 
growing seasons with additional time for information dissemination. 

VII. DISSEMINATION: posting on web sites (http://www.soils.umn.edu/, 
http://www.mnpLumn.edu/), workshops for grower organizations and 
agency field staff, as well as publication in popular and peer reviewed 
journals. 

Outreach Effort 

Result 1. 
Results from this research were presented to the Area II potato growers 
associate and and the Northern Plains Potato Growers association in 2006 1 

2007, 2008, 2009 and 2010. A total of 220 grower and grower consultants were 
contacted each year through these programs. Additional presentations were 
made in 2006, 2007, 2008, 2009 1 and 2010 at the annual Soil Science Society of 
America meetings. Two additional presentations were made on strategies to 
reduce nitrate leaching from irrigated potatoes at the annual American Society for 
Horticultural Science meeting and Minnesota Ground Water Association's 
Conference in 2010. 

Result 2. 
The research and demonstration results from this effort were presented each 
year of the study at multiple locations in relevant biomes. 

Result 3. 
"Hands On" demonstrations of the Phosphorus Source Assessment Tool (PSAT) 
were conducted across the state. The usefulness of this tool was rated 4.1 out of 
a possible 5.0 by attendees. It is being used by water planners such as Soil and 
Water Conservation and Watershed Districts as well as lake associations and 
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others. The PSAT was also presented at the Minnesota Water Conference. 
The tool, back ground information, and user manual are available at 
http://www.mnpi.umn.edu/psat.htm. 

Result 4. 
Informational meetings were held where water samples were submitted for 
nitrate analysis and surveys completed on well characteristics and water 
treatment situation. Several fact sheets were developed and made available on 
several web sites. 

1. What communications and outreach activities have been done in relation to 
your project? For example: have tools or techniques developed through your 
project been adopted by a group; presentations relating to the project been 
made; has work pertaining to the project been published? 

Copies of presentations, fact sheets, and peer-reviewed articles are 
attached. 

Peer reviewed: 
1. Effects of polymer-coated urea on nitrate leaching and nitrogen uptake by 

potato 
2. Groundwater nitrate contamination costs: a survey of private well owners 
3. Potato response to a polymer coated urea on an irrigated coarse-textured 

soil 
4. Kidney bean (Phaseolus vulgaris L.) production on an irrigated, coarse 

textured soil in response to polymer-coated urea and tillage: L Grain 
yields 1 disease severity, and a simple economic analysis 

5. Kidney bean (Phaseolus vulgaris L.) production on an irrigated1 coase 
textured soil in response to polymer-coated urea and tillage: IL Plant N 
accumulation, nitrate leaching and residual inorganic soil N 

6. A comparison of techniques for determining nitrogen release from 
polymer-coated urea in the field 

Fact sheets 1 bulletins 1 user guides, proceeding reports 

1. Costs of groundwater nitrate contamination: A suNey of private well 
owners in central Minnesota 

2. Costs of groundwater nitrate contamination: Municipal water suppliers 
(fact sheet) 

3. Costs of nitrate contamination of public water supplies: A report of 
interviews with water suppliers 

4. Survey of well owners about drinking water quality 
5. Minnesota phosphorus source assessment tool: User guide and 

documentation 
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6. The phosphorus source assessment tool: A tool for education and 
watershed planning 

7. Best management practices for nitrogen use: irrigated potatoes ( note- · 
funded by fertilizer check off money 1 but slow release N data included 
from this project) 

8. Response of processing potato varieties to nitrogen and enhanced 
efficiency fertilizers: 2008 

9. Response of processing potato varieties to nitrogen and enhanced 
efficiency fertilizers: 2009 

REPORTING REQUIREMENTS: : Periodic work program progress reports 
will be submitted not later than December 31, 2005, June 30, 2006, December 
31, 2006, June 30, 2007, December 31, 2007, June 30, 2008 1 December 31, 
2008, June 30 1 2009, December 31, 2009, June 30, 2010, December 31, 2010. 
A final work program report and associated products will be submitted by: 
June 30 1 2010. 

VIII. RESEARCH PROJECTS: 

A. Evaluation of the New Nitrogen Fertilizer Guidelines for Corn Grown on 
Coarse-textured Soils. Carl J. Rosen, John A. Lamb 1 and John F. Moncrief. 
$451000 2008-2009 

A two year study will be conducted at the Sand Plain Research Farm in Becker, 
Minnesota to determine the effects of nitrogen fertilizer rate and source on corn 
grown on irrigated and nonirrigated coarse-textured soils. For each irrigation 
treatment, eight N fertilizer treatments will be evaluated which include a zero 
nitrogen control, five conventional nitrogen fertilizer sources ranging from 60 to 
300 lb N/A and two polymer coated urea treatments (ESN) at 120 or 180 lb N/A. 
Delta yield will be calculated for each irrigation treatment to determine how 
moisture stress affects N availability. Data from this study will be used to help 
fine-tune N BMPs for irrigated and nonirrigated coarse-textured soils. 

B. Evaluation of the Slow Release Nitrogen Fertilizer for Irrigated Corn Grown on 
Coarse Textured Soils 
Del Lecy, John F. Moncrief, Carl J. Rosen. $40,000 2008-2009 

A two year study will be conducted at the Central Lakes College Agriculture 
Center, Staples, MN. Two treated urea-nitrogen fertilizers will be compared to 
untreated urea for corn response and nitrate leaching losses under two irrigation 
regimes on a coarse textured soil. This will be done at two scales (plot and field). 
Results will be disseminated through web based and printed publications as well 
as outreach meetings. 
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C. Nutrient Management Studies on Irrigated Potatoes. Carl J. Rosen. $32 1000 
2008-2009 

Two comprehensive nitrogen (N) management studies with various potato 
cultivars/selections are proposed. Both studies are extensions of previous N 
management studies conducted with 'Russet Burbank'. The first proposed study 
is to compare N response of the recently released russet cultivars: 'Umatilla\ 
1Premier\ and a promising NDSU selection (AOND95249-1 Rus) with 'Russet 
Burbank'. 'Umatilla' and 1Premier1 are cultivars released from the Northwest 
breeding program. Treatments will compare N rate and timing from conventional 
N sources and ESN.· 
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Attachment A: Budget Detan for 200s Projects - Summary and a Budget page for Todd County SWCD 

Proposal Title-: Improving Water Qualitv on the Central Sands 

Project Manager Name: John Moncrief 

87,000 
1) See- list of non-eligible expenses, do not include anv of these items in vour budget sheet 
2) Remove anv budget item lines not applicable 

2005LCMR Beginning Current Invoice Ending Result2 B~inning 

Proposal Budget 
Result 1 Budget Balance 1/1/10-6/30/10 Balance Budget Balance 

6130/10 
Evaluation of New Evaluation 
Techniques ofNew 

Tillage 
Techniques 

BUDGET ITEM 
" PERSONNEL: 4000 1,758.81 1,758.81 0.00 4,000 1758.81 
Staff Expenses, 
wages, salaries 
SWCD !Vbnager• 

PERSONNEL: 1000 995.22 995.19 0.03 1,000 995.23 
Staff benefits 

Other 36750 7,384.68 7,384.50 0.18 36750 7384.68 
contracts, 
Farmer Cost 
Share 

Web Site 1,250 1,:250.00 1,249.25 0.75 1,250.00 1250.00 
'levelooment 

·1eaae 500 167A9 0.00 167.49 500.00 167.49 
.OLUMN TOTAL 43 500 11 556.20 11 387.75 168.45 43.500.00 11 556.21 

current Invoice 
1/1/10-6130/10 

1758.81 

995.19 

7384.50 

1249.25 

0.00 
11.387.75 

2010---10---29 FINA.L Attach A toddco - clc.xls 

Ending Balance 
6/30/10 

Budg• 

0.00 8,1 

0.04 2,, 

0.18 73,l 

0.75 2,! 

167.49 1,J 
168.46 87.J 



Hfilsd RJyrre--Cllia:I U-eaa, Ntra:el.Ea:tirgm:I Ntrcgen Lfja'Sbf Rta:o 

~iS:a L Wls:n, Gr1 J Rm1, * ardJ:tn F. fvto:ria Uiveratyd Mrrecta 

Increasing ground-water nitrate -concentrations in potato 
(Solan um tubercrum L.) production regions have prompted the 
nea:i to identify alternative nitrogen manage:nent practice& A 
new type of polymer-coated urm (PCU) called Environmentally 
Smart Nitrogm (Agrium, Inc., CalglU); AB) is signiCtantly 
lower in cost than comparable PCUs, but its potential to 
redure nitrate leaching and improve fertilizer recovery has 
not been extensively studied in potato. In 2006 and 2007, 
four rates of PCU applie1 at emergence were compared with 
equivalmt rates of roluble N i:plit-applied at emergence and 
post~hilli:ng. Additional treatments included a ON control, two 
PCU timing treatments(applied at preplant or planting), and a 
roluble N feitigation simulation. Nih'ate leaching, furtilizer N 
recovery; Nuse e□dency (NUE), and residual soil inorganic N 
were m1:asured. Both 2006 and 2007 were low leaching years. 
Nitrate lmching with PCU (21.3 kg NOP'i ha· 1 averaged 
over N ratES) ,,vas signictantly lower than 1,vith ~lit-applied 
roluble N (26.9 kg Nop~- ha:- 1). D e roluble N tertigation 
treatment re:,71ltro in similar lead1ing as PCU at equivalent N 
rates. Apparent fertilizer N reccrvery with PCU (65% averaged 
over four rotes) tended to be higl1er than split-applied soluble 
N (55%) at equivalent rates (p == 0.059). Residual soil N and 
NUE ,vere not signiD:antiy aCa::ted by N source. Under the 
conditions of this study, PCU signiCcantly reduced leaching 
and tended to improved N recovery ov-er roluble N applied in 
'hvo applications and resulted in similar N recovery and nihate 
leaching as soluble N app liro in six_ applications. 

copyright □ 2010 by the American Sxietyof Agronomy, 0-op &ience 
8xiety of America, and 9Jil &ience 9Jciety of America All rights 
reserved. No pa1 ofthis periodical may be reproduced ortransniUed 
in aiyform or by any meais,electronic ormechanical, including pho­
tocopying, recording, or any infom1 ati on storage and retrieval ~s:em, 
without pem1isson in writing from the publisher. 

R.lblished inJ Bwiron.Qual. 
doi:10.2134/j eq2009.0265 
R.lblished online26Jai.2010. 
R:ceiVed iO JUl!/2009. 
"O:mesponding author (crosen@Jmn.edu). 
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~~1~:i~~n:\oc~i::s;~:~;:iit::::. 
(NO3) problem in ground and sutlace '\\'a.tern (Komor and 
Anderson, 1993; O'Dell, 2007). Coarse-textured soils have lm,v 
,vater-h olding capacity and high in Otrntion rates, making irri­
gation neces:x1ry to produce crops but allmvi.ng for the potential 
movement of soluble pollutants to ground\vater. In addition to 
NO 3 Q:on tam inated grom1 d\:v11ter, surface \v-aters can also be snp­
p lied by shallovv aquifers underlying coarre-te~iured soils, ,-.t1ich 
in tum can a~ct NO, concentrations in the entire \v-a.tershed. 

:, 

□ e Upper JVIissis.'Sippi Basin has contributed ahnost 40% of the 
total nitrogen Cnx to the Mississippi River \'lhich has been attrib­
uted to causing hypoxia in the Gulf ofMe..'Tico (Aulenbach et al., 
2007). Alternative N management practices are needed to reduce 
ground-1,vater contamination while maintaining crop yields. 

Potato is a high-value crop commonly grmvn on coarse-ti 
tured soils. Production has been expanding in Minnesota since 
the 1960s, and the state is currently sixth in potato production in 
the United States (USDA National Agriculture Statistics Service, 
2008). Potato requires high N inputs to ma.~imize yields, yet 
fertilizer N recove1y is often low (<50%) due to its shallovv root 
system (Liege} and \Valsh, 1976; Bundy and Andr~i, 2005). 
□ is, coupled v\ith its preference for sandy soils and unpredict­
able rain events, increases the potential for NO

3 
leaching to 

ground,vater under I'viidvvest conditions. I111gated fanning in 
central Minnesota has been linked to increasing NO~ concentra­
tions in d1111king ,,:ater since 1969 (Lindhohn, 1980).-□ e average 
v;?ell 'Water NO 3 IN concentration in the Central Sands region of 
Minnesota, a popular area for in-igated potato production, was 
16.1 mgL3 , \\'ell above the drinking ,,vater standard of 10 mg L:::1 
(O'Dell, 2007). 

Based on research conducted on coarse-te.."l:tured soils, N 
applied several times throughout the season resulted 111 ar1 increase 
in N utilization bytheplant (Etrebhietal., 1998;Vos, 1999). 0 e 
University ofMinnesota currently recommends at least three split 
applications to reduce leaching on coar-se-texh1red roils (Rosen 
and Biermar11 2008). Other available fertilizer options include 
controlled-release feitilizers, \:\llich attempt to release N in a v\-a.y 

Dep.ofS)il,VVater,and Oimate, Univ.of Minnesota, 1991 Upper Buford 0[, S. 
Paul, MM 55108._ Mention of a trademark, proprtetay product, orvendordoesnot 
cons:itutea guaranteeorwarranty oftheproduct bytheUniversty of Minnerota, 
does not lm ply its approval to tr,ee:<clusi on of other products or vendors th~ alro 
tnaj be ruitable.Assgned to Associate 8:litorPamela Ree. 

Abbrevr at ions: OAP, days after planting; EEN, Environmentally Smrt Mltrogen; MUE, 
nitrogen usee:Jciency; FOJ, polymer-coated urea; 8'.JJ,sulfur-coaed urea 



that matches plant uptake. Sulfur-coated urea (SCU) resulted 
in less NO 

3 
leaching but had mixed res11lts on potato yield and 

feitilizer N recovery (Waddell et aL, 2000). Liegel and Walsh 
(1976) found that undei· normal conditions, SCU resulted 
in reduced yields and lo'wer fertilizei· N recovery, although it 
increasai yields and N recovery under revere leaching condi­
tions. Polymer-coated urea tends to have a more predictable 
release pattem than SCU (Trenkel, 1997; Shavi\~ 2000) and 
has result Erl in yields similar to or greater than those \Vith sol­
uble N sources (Shoji et al., 2001; Zmmuyaand Rosen, 2001; 
Hutchinson et al., 2003; Pack et al., 2006). A 2-yr study in 
Minnesota found that adiCerent PCU (coated ,vith polyoleCn) 
also reduced NO 3 leaching and increased fertilizer N recovery 
over split applications ofmea (Zvomuya et al., 2003). 

Even \vi.th the reported environmental bmeus ofPCU fer­
tilizers, economic analyses have sho\\'TI that PCU was not cost 
eCective for potato producers due to higher prices of coated 
products(Trenkel, 1997; ZvomuyaandRosen, 2001). Simonne 
and Hutchinson (2005) concluded that cost-share programs 
in Florida \Vere needed to oCret the cost increase as.-sociated 
,,1th PCU. Recen tls however, a ne:vv type of PCU ,vas devel­
oped by .Agrium Inc. that is considerably lmver in price. C is 
PCU, called Environmentally Smart Nitrogen (ESN; Agrium 
Inc., Calgary, AB) has fl:1ow11 promising res11lts in initial stud­
ies on potato production (Hopkins et al., 2008; \Vilson et al., 
2009), but its in wence on N uptake characteristics by potato 
and NO:; leaching has not been e."Xtensively studied. □ e overall 
objective of this study \Vas to com pare the eCects of PCU vvith 
soluble N sources on NO 3 leaching, N recovery, and N ure 
eIJciency in potato production at varying N rates and timing 
of application. 

IVBterialsaid rvethods 

\\1th 90 cm bet,veen ro\7\r:s and approximately 25 cm betvv-een 
seed pieces within the ro\v. Each plot consisted of four 6-m 
ro\\'S, and only the center two ro\v'S were san1 pled or usErl for 
harvest. Rows were mechanically hilled at plant miergence. 
Overhead supplementary irrigation \Vas applied according 
to the checkbook method to maintain adequate soil mois­
ture (Wright, 2002). Although in 2007, inigation water was 
applied more frequently and in excess to en sure that some 
leaching occurred. A WatchDog Model 2800 weather station 
(Spectrum Technologies Inc., Plain Celd, IL) located in the Celd 
sites collected and stored rainfall, air temperature and soil tem­
perature data every 30 min. For further details on crop man­
agement methods, refer to \Vilson et al. (2009). 

Tv,u sources ofN, a soluble source and a 90-d release PCU 
(ESN 44 [D rn; Agrium, Inc., Calgary, AB), \Vere com pared 
across sev-eral rates and timing &:hemes, including rates typi­
callyused by fannersin Minnesota (Bruening, 1996). □ eESN 
PCU \\-'aS obtained directly from the manufacturer. Twelve N 
treatments (Table 1) were replicated Cvetimes in a randomized 
complEte block design. IJ e [1st treatment \Vasazero N control 
\\1th triple super phosphate used as the P source at planting. 
All other treatments received diammonium phosphate as the 
P source at planting at the same Prate as the zern N control. 
For Treatments 2 to 5, soluble N \Vas split-applied as urea at 
e111ergenceO1illing and as 50% granularurea and 50% granular 
ammonium nitrate at post-hilling on 19 :rviay and 2 June in 
2006 and 15 Mayand4 Junein 2007, respectively. Applications 
\Vere side-dresred and mechanically inco1porated into the hill. 
Treatment 6 \Vas intended to simulate 28% mea-ammonium 
nitrate N feitigation: the post-hilling application was further 
split into CYe equal applications (approximately 12 d apait), 
which \Vere applied by hand and Weltered-in \.\'1th irrigation. 
For Treatments 7 to 10, PCU \"\'as side-dresred at emergence 

Field studies ·vvere con ducted over 2 yr (2006 QW07) at 
the Sand Plain Research Farm in Becket; MN (45[23' Table 1. Nitrogen treatments for H1sset Burbank' potato. 

N 93 [33' W) .. Agronomic aspects of this study \Vere 
reported previously (\Vilson et al., 2009). □ e soil was 

Treatment Emergence 
R"eplanting Ranting and hilling Fbst-hillingc Total 

ai1 excessively drained Hubbard loamy sand (sandy, 
mi"'(ed, frigid Entic Hapludoll) formed in glacial out­
\\'aSh. □ e a:vailable water-holding capacity in the top 
120 cm of soil is 8 cm (USDACNRCS, 2002). □ e 2 

previous crop in both yeai·s \Vas noninigated and non - 3 

fertilized rye (SecalecerealeL). 4 

Representative soil &l!llples from the top 15 cm 5 

were taken before planting for routine soil analysis 6 

(Brm:vn, 1998). Soil samples from the upper 60 cm 
were conductimetrically analyzed for KCl extractable 
nitrate N (NO

3
CN) ai1d ammonium N (NH

4
CN) 

(Cai·lson et al., 1990). Soil pH before planting ranged 
from 6.6 to 6.8 over the 2 J,1•, vvhile Bray-P was 31 

1c 

7 

8 

9 

10 

11 

12 

c n n , C n C n n , n " kg N ha- 1; c ~ n , n c n c , n n n 

0 0 0 0 0 

N murce: Diammonium phosphatecat planting+ solubleN=atter planting 

0 45 23 1 X 22 90 
0 45 68 1 X 67 180 
0 45 113 1 X 112 270 

0 

0 

45 

45 

158 

115 

1 X 157 

5x22 

360 

270 
N source: Diammonium pho~hatecat planting+ polymer-coated urea 

0 45 45 0 90 

0 45 135 0 180 
0 45 225 0 270 

0 45 315 0 360 

225 45 0 0 270 
0 45+ 225 0 0 270 

to 32 mg kg- 1, orgai1ic mattei· \Vas 15 to 24 g kg- 1, 

and extractableK \vlls 87 to 108 mg kg- 1• Nitrate- and 
ammonium Nin the top 60 cm ,vere 9 and 20 kg ha- 1 

in 2006 and 12 and 17 kg ha-1 in 2007, respectively. 
cPost-hilling N applications were applied all at once or ~lit into u1eequa! applica­

tionsovertime. 

□ e most populai· processing potato cultivai· in the 
upper Mid\vest, 'Rusret Burbai1k', \\'aS ured for this 
study. Cut U\.C:seed on 25 i\pr. 2006 and \v110le IBO 
reed on 26 Apr. 2007 v,:ere hand planted in ii.mows 

cAwsphorusin the zero N plot (Treatment 1)wasapplied astriplemperpho~hate 
atthesame Prateasdiammonium phosphate. 

□45 kg N ha- 1 asdiammonium phosphate 

cS:Jluble N = urea applied at emergence and ureaiammonium nitrate (1 :1) applied at 
pos:-hilling. 
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and incorporated. Preplant PCU (Treatment 11) ,,ias broadcast 
and mechanically incorporated into the soil to a depth of 5 to 
10 cm on 14 .Ap1: 2006 and 18 Apr. 2007 ,,hileplant:ingPCU 
forTreatment 12 ,,iasmi~ed in ,v.ith starterfortilizer. 

Nitrogen supplied by precipitation and irrigation ,vater,:vas 
alro measmed. Water samples ,,'et-e collected abov~ the potato 
canopy and analyzed forNO/N and NHiN conductimetti.­
cally after each event (Carlron et al., 1990). G e average total 
N concentration in irrigation \v11ter "\\'aS 8.6 and 7.1 mg 1-1 

(r~95% asNO
3

CN°) in consecutive years, '-"hiletotalN in rain­
falla:veraged 3.9 mgL- 1 (:J70% asNH

4
CN) ill both years. Total 

N supplied by irrigation \¾11521.3 and 34.7 kg N ha- 1 in 2006 
and 2007, respectively. Total N supplied by rainfall \v1lS about 
8 kg N ha- 1 ill each yem·. 

For measurement of roil v.rater NO~ concentration, suction ., -

cup samplers with a porous ceramic cup (1 bm· high Cow; Soil 
Moisture Equipment, Santa Ba:rbm·a, CA) were installed 120 
cm vertically below the hill in each plot approximately l wk 
after planting accordillg to methods described in Zvomuya: et 
al. (2003). Samplers ,,,ere installed in three replicates of each 
treatment. Aha:nd pump was used to apply a suction of 40 kPa 
to collect soil ,vater draining through the roil at the depth of 
:installation. A depth of 120 cm \v1lS ass11med to be s11IJciently 
below the root zone and NO 

3 
in the soil ,,,ater at this depth is 

considered to be leach able. Soil \Vat er samples \,'ere collected 
approximately once a \-veek or more if drainage \v1lS suspected 
to OCC1l1~ such as after a rain event of at least 1 cm or more. 
Sampling bega11 2 to 3 \\k after planting and continued until 
ground freeze ill December. Several samples ,,,vere also taken 
after ground thaw during the following spring to determine 
residual roil \v'ater NO

3
CN, although these vvere not used in 

leaching calculations. Samples were kept frozen until analysis. 
Nitrate-N and NH4CN \v'ere detennilled using the diwsion □ 
conductivity method (Carlron et al., 1990). 

Daily ,vater percolation at 120 cm below the potato crop 
,:s.,as detem1ined with a water balance equation as prerented in 
\Vaddell et al. (2000). □ e \\'ater balance between two consecu­
tive days ,:s.,as calculated as 

D=P+I-E-AS [1] 

,,.11ere D is the amount of daily drainage, P is precipitation, I 
is in-igation "\Vater applied, E is evapotranspiration~ and CS is 
the change in soil water storage betwseen 2 d. □ e E values \\'ere 
calculated as aproduct ofthepotential evapotransp:iration (E

0
) 

estimated by amodi::::00 JensenD-!aise equation (Killen, 1984) 
and the crop coeCcient (K) at a given crop developmental 
stage. Initial \Nater storage at the beginning of the season and 
maximum \\'3.ter storage on any pmticular day was equal to 
the soil v,,,ater holding capacity of the 120-cm soil proJ.e. IJ is 
method a:§111nes that water percolation did not vary across 
plots or replicates. 

Daily NO ~CN" leached \v1lS calculated by cou-\'e11ing ·water 
percolation to a volume basis and m1iltiplying by the NO

3
CN 

concentration of the roil \Vater on that particulm· da_y. Since soil 
vvater samples \v-ere not taken on a daily basis, v1r'Rter NO

3
CN 

concentrations bet\veen t,vo consecufo,-e san1pling dates \v--ere 
linearly extrapolated for each day to cover the entire sampling 
period (ApriEDecember). Daily Dlctuations in NO/N con-

centrations may not be taken into account with linear extrapo­
lation, but possible errors "\\'ere minimized by sampling at ruort 
intei"\rus and by maintailling a continuous vacuum in the suc­
tion samplei·s. Cumulative NO /N leached ,.,,.ns the &um of a' 

daily leaching events during the sampling period. 
Vines "\'.vere manually harvested from the center two rows 

of each plot and weighed on 19 September of each year. 
Approximately 7 d late1~ tubers ,,reremechanically hm·vested 
from the centei· two rows. Vine and tubei· samples from each 
plot wei·e collected to detennine dt-y mattei· content and N 
uptake. San1ples were dried at 60 ill;, weighed for dry matter 
yield, and the11 ground with a Wiley mill to pass a 2-mm 
sieve. Total N in ground samples "\"\:as dete1111ined with a 
combustion analyzer (model va:rio EL, Elen1entar .Americas 
Inc., Mt. Laurel, NJ) follovi!ing the methods of Horneck 
and Millet· (1998). Nitrogen content of vines and tubers 
\Vas calculated as the product of dry matter yields and per­
centage N. Total N conte11t \\'aS the sum of ·vine and tuber 
N contents. 

Apparent feitilizerN recoverywasdeteim:ined by the diCer­
encemethod as a""\.plained :h1 Zvomuya et al. (2003): 

N uptake = [ (N fP - N O)/ NF ]l 00 [2] 

\vi1ere NFP is the total N uptake in fertilizei· plots, NQisthetotal 
N uptake in the control plots, and NF is the amount of feitil­
izer applied. Nitroge11 use e□ ciency was calculated based on a 
modi[ed method in Zebarth et al. (2004a): 

NUE = DMFP 
Ns 

[ .:.,_j 

[4] 

\vi1ere DMFP is equal to plant dry mattei· in fertilized plots and 
Ns is crop N supply. Crop N supply (Eq. [4]) ·was calculated 
as the sum of plant N accumulation measured at har"\rest for 
the O N control (N

0
) plus fertilizer N applied (NF) (Bittman 

et al., 2004). C e methods to dete11nine N recovery and NUE 
assume that the uptakeofnonfei1ilizerN from the soil (i11clud­
illg N s11pplied by mine111lizati011, irrigation, and precipitation) 
is the same for control and fei1ilizer plots. 

After harvest, six soil cores to 60-cm depth \v--ere collected 
from each plot to detennine the residual soil inorganic N. 
Soils '\\'ere air dried, ground, and extracted ,,1th 2 mol 1- 1 

KCL Nitrate-N and NH/N in KCl a""\.tracts w--ere deter­
mined using the diChsion conductivity method (Carlson et 
al., 1990). 

Data from the study ,vere analyzed using PROC MIXED 
(SAS Institute, 2004) with replicates and yem·s considei·ed as 
random eO:cts. For leaching data, the analysis \Vas only con­
ducted on cumulative NO

3
CN leaching ovei· the growing 

season. Least square means and contrast statements ,,.rem used 
to compare treatment means. DiCerences among treatments ill 
year-s (year· □treatment interaction), were a~ssed by year·-: 
ciet inferei1ce using best linern· 11nbia_-ed predictors (BLU.t,__,.1 
as described by Littell et al. (2006). Yield data and N release 
:from the PCU were repo11ed in a companion study (\Vilson et 
al., 2009). 



FesJltsand □SJ.J93on 

'NH.hEr 
In general, the 2006 and 2007 grmving seasons v.ere \\larmer 
and drier than the average grov,,.ing season for the region. [J e 
30-yr average temperature and precipitation from .April to 
September at Becket~ MN, ,-..ere 16.21:E; and 55.1 cm, respec­
tively. Tempei-ature averaged 17.1 LC and 17.41:E; in 2006 and 
2007, re:,---pecti-vely. In 2006, 52 cm ofrainfall (below average by 
3.3 cm) \Vas supplemented by 39 cm ofirrigation, and 111 2007, 
45 cm of rainfall (below average by 9.8 cm) ,vru; supplemented 
with 48 cm of i1rigation (Fig. 1 ). Although the crop received les.5 
rainfall in 2007, more frequent in-igations increased the total 
,vatei· application to approximately 3 cm above that in 2006. 

Ntra:el.eahi ng 
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Daily NO ,CN leaching patterns vm·ied acros.syears, mainly due 
to varyingJ \v--eather pattei11s in 2006 and 2007 (Fig. 2). Total 
v.:ater drainage below 120 cm \Vas 27.5 cm in 2006 vmms 56.0 
cm in 2007. In 2006, three major rain events (>3 cm) cor­
responded \Vith three main leaching events at 6, 121, and 130 
d aftei· planting (DAP). [J ese occurred very early or v"el)" late 
in the season, hov.,,reve1~ \v11ei1 soil \Vatei· N0 3CN concei1tra­
tions were generally at the lo,,rest (data not presented). [J ei-e 
\.Vas a signiCcant period \\here leaching did not occur betvveen 
60 and 121 DAP due to dty' conditions. During this rame 

Rg. t Dis:ribution of irrigation and precipitation event sin 2006 and 
2007 at Smd AainsRe!:earch Farm, Pecker, MN. 

2006 

interval in 2007, approximately 60% of the leaching occu11"ed 
ev"e!l though precipitation behveen 60 and 121 D AP ,vas only 
approximately 1 cm greatei· than in 2006. Irrigation during 
this time in 2007 exceeded i1rigation in 2006 by approximately 
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Fig. 2. Slil water balance for the top 120 an and N source(270 kg N ha=l) ecect on daily nitrate leaching in 2006 and 2007. Patternsweresimtlar for 
each N source at other rates and timing. S'.)luble N was urea at emergence and urea plus ammonium nitrate for post-hilling applications. E; emer­
gence; PH, post-hilling; PC:U, polymer-coated urea 
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5 cm. 0 is \vcIS intentional and illustrates the in u1ence of more 
frequent and exceS3iv-e in-igations on NO~ leaching. 

Oree major rain events occurred on 107, 145, and 162 
DAP in 2007, but only the event at 107 DAP i:t1wenced 
NO 

3 
IN leach mg (> 1 kg NO 3 [N h ff 1 leached averaged m--er 

treatmen ts). 0 is leach mg event OCCUtTed the day after an irri­
gation event, \vhile ill'igation had ended for the season by the 
time rain had occuffed on the other dates. In addition, soil 
V.'Rter NO 3 CN concentrations in 2007 had not reached the lo\v 
constant concentration stage by 107 DAP (NO,[N concen­
tration was 8.4 mg 1-1 averaged over all N treatn;ents), \Vhile 
at 145 and 162 DAP, soil \vater NOJN concentrations were 
generally at their lo\\~st (1.7 and 2.7.,mg N0

3
CN 1- 1, respec­

tively). Other events that greatly m wenced leaching took place 
at 68 and 73 DAP \vhere rainfall (>1.5 cm) followed irrigation 
events the previous day', and soil water NO, [N concentrations 
were relatively high (14.1 and 19.8 mg NO,/N 1- 1, respec­
tively). Errebhi et al. (1998) also reported th-at iffigation fol­
lo\ved by rainfall caused signiCcant amounts ofleaching. 

Cumulative NO~[N leachi:t1g based on the water balance 
method was signilbantly aCect€rl by N treatment (p < 0.05) 
(Fig. 3); although diCerences \v-ere less than expected on the 
basis of previous studies (Zvomuya et al., 2003). 1fost treat­
ments did not cause m1 i:ticrease in NOi[N leaching compared 
,v-ith the ON control. C e exceptions-were PCU mid soluble 
Nat 360 kg N ha- 1, tvvo split applications of soluble Nat 270 
kg N ha-1, and preplant PCU at 270 kg N ha- 1. C ere \Vere 
no diO:rences betv,,een N sources at equivalent rates, except 
at 270 kg N ha- 1. Soluble N and preplmit PCU resulted in 
more NO 3 [N leaching than the soluble N fertigation treat­
ment, eniergence applied PCU, and PCU applied at plm1ting. 
When contrasts \v'ere used to compare all split-applied soluble 
N treatments with PCU treatmmts at equivalent ratES (2, 3, 
4, and 5 versus 7, 8, 9, mid 10), the use ofPCU fertilizer sig­
niCcm1tly reduced N0

3
CN leaching compm·ed with solubleN 

treatments(p<0.05). Nitrate-N leaching averaged overN rates 
'l.\'as 23.4 011.6 and 29.3 016.9 kg NO,[N ha- 1 for en1er­
gence PCU and split soluble N, re~ecfo_:ely: IJ ere \"'.Vere no 
signiCcant diCerences betv .. :-een yem·s, and the year □treatment 

interaction '\"\'RS not signiCcm1t (Table 2). 
Others have reported N0 1[N leaching for potatoes on 

sandy soils to rm1ge from 71 to 257 kg N ha~ 1 (Hill, 1986; 
E11'ebhi et al, 1998; Gasser et al., 2002) ,:vith sofo ble N sourcES 
at conventional N rates. In Zvomuya et al (2003), values for 
leachi:tig with PCU \Vere reported to range from 7 to 62 kg 
N0

3
CN ha-1, while SCU i:t1 Waddell et al. (2000) resulted m 

13 to 36 kg N0
3
[N ha· 1 of leachmg 1mder sprinkler irriga­

tion. Both studies found that con trolled release fertilizers sig-
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Rg. 3. The ecect of N source, rate, and timfng on cumulativeNO,cN 
leached based on the water balance method and averaged over-2006 
and 2007. Mean leaching with thesamelettersarenot stgniccantly 
dicerent (p> 0.05). The Ntiming treatments are repre92nted by *270. 
E; emergence; FH, post-hilling; PCU, polymer-coated urea 

niCcm1tly reduced N0 1 CN leaching. Under the condition" 
of this study, N0

3
CN leaching with soluble N \\'as typica 

lower than previously repotted vnlues at equivalent N rates, 
but our results '"-et"e within the lmver ranges for leaching with 
PCU reported in the literature. IJ is may be due to several rea­
sons, such asthedrier-thmi-average weather conditions, , ... 11ich 
reduced overall \Vater nrnvement through the soil. Anothes 
1"eason is that several of thepre\fous studies appliedN at plant­
ing (Hill, 1986; Glli:Ber et al., 2002), \vhereas the majority of 
treatments m this study were applied at emergence or later as 
a cunent best mmrngement practice to reduce NO,. leaching. 

j ~ 

Research on potatoes grm,11 on sanely soils suggests that apply-
ing the majority of N after emergence reduces NO,. [N leach-
• j 

mg (Prunty mid Grnenlm1d, 1997; Enebhi et al., 1998). 
In the spring follm"\-mg potato harvest, \vclter sampling con -

tinned under the succeeding rye crop. Soil water NO/N con­
centration~ averaged across years and N rates, ,,,ere -generally 
highest in plots that were previously fertilized \Vith N compared 
\\'1th the ON control (mean 6.8 □3.7 mg 1- 1). 0 eplots fertil­
ized \Vith split applicationsof solubleN had mi average N0

3
[N 

Table 2. Re9..!lts of s:ati!:tical analy92s for N leaching, uptake, recovery, use ec ciency, and s:Jil concentration as a=ected by fertilizer application 
treatments and years. 

Sgniccance N03 d',J leaching 
N uptake 

Tuber Total 

=n~,,- _o, ~ kgha 11 ... >L ~c-'c--'= 

Year (Y) 

Treatment (T} 

YcT 

N&J NS NS NS 

NS 

* Sgniccant at the 0.05 probability level. 

cNq nonsgni cr:ant 

NS NS NS 

Fertilizer N N use ec dency recovery 

g g-1 

NS NS 
NS :I< 

NS NS 

8:)il inorganic N 

C !JC C mg kg· 1 0 CO C 

NS 
NS 

* NS 

NS NS 



concentration of 10.8 05.7 mg 1-1, \vi1ereasthosefertilized with 
emergence applications of PCU \>\ere similar \>Vith an average of 
10.4 C5.9 mg 1- 1. With N timing treatmaits(applioo at 270 kg 
N ha~ 1), spring soil vw1ter NO p·~· concentrations varied from 
10.1 C4.8 mg 1- 1 for the soluble N fertigation treatment and 
11.4 r::=3.2 mg1- 1 forpreplant appliedPCU to 12.6 □7.7 mg 1- 1 

for planting applied PCU. Zvomuya et al. (2003) reported that 
plots fertilized ,vith PCU had higher soil \v11ter NO JN con cen -
trations the follovvin g spring compared \v1th those fertilized ,vith 
urea or the 0 N control. □ e PCU used in the CU1Tffi t research, 
however, had a faster N release rate (Wilson et al., 2009), and 
soil ·water NO/N concentrations were similar bet\\een previ­
ously fettilized plots_, regardle$ ofN source. C em ean soil water 
NO, [N concentrations in N feitilized plots were above the 10 
mg i.- 1 limit, indicating the :impo1tance of a subsequent cover 
crop to reduce NO 3 concentrations and potential leaching. 

NtlT)'J31 LJja<e, FatiliMNtlT)'J31 Rro\e"y, 
aid NtlT)'J31 LIEB iderlQf 
0 e year did not aCect N uptake, apparent fertilizer N recov­
e111, or N use e□ciency, nor were there signil::£ant intet·actions 
bet"\veet1 main eCects (Table 2). Nitrogen content of vines and 
tubers '\v1lS signiCcantly aCected by N treatme11t (p < 0.05) 
(Table 3). Avet·aged over years_, all treatments '""i.th fertilizer 
applications greater than 90 kg N ha- 1 increased vine N con­
tent o-ver the0 N controi and vineN uptake linearly increased 

as N rate increased for both N sources. Nitrogen timing treat­
ments did not aCect vine N content, except for PCU at plant­
ing, \vhich resulted in higher vine N content than that for 
preplant or emergence PCU. 0 e addition of N signiCcantly 
increased tuber N content over the control treatment, but N 
rate did not signiCcantly increase tuber N uptake above 180 kg 
N ha- 1• At the 270 kg N ha- 1 rate, tuberN content \\1th PCU 
,;vas not aCected by timing of application. 

l\s expected, total N content ,vas signiCcantly higher \vi.th 
addition ofN fertilizers than \vith the control (Table 3). For 
both emergaice PCU and split soluble N, total N uptake 
increasoo linearly with increasing N rate. With PCU timing 
treatments, planting PCU resulted in signiCcantly highei· total 
N compared with thepreplant PCU treatment. Bared on con­
trast statements, emergence applied PCU resulted in signiIJ. 
cantlymoreplantN accumulation (237.6 kgN ha- 1)than t\.vo 
split applications of soluble N (213.9 kg N ha- 1). 

Apparent feitilizet· N recovery ranged from 45 to 76% and 
declined linear~, as N rate increased for both N rourcES (Table 
3). Within each N rate" N source did not signiCtantly aO:ct N 
recovery. Hmvever, N recovery tended to be highet· (p = 0.059) 
with emergence-applied PCU (65%) compared with two split 
applications of soluble N (55%) ,:,,,hen averaged over N rate. 
Zvomuyaet aL (2003)alsoconcluded that the application ofPCU 
increastrl recovery of fertilizer applied N over that wi.th soluble 
N applications, \-vnereas Pack et al. (2006) found that only some 

Table 3. Nitrogen content, fertilizer recovery and nitrogen use ec ciency for R1sset &!rbank' potato asa=ected by N source, rate, and timing com­
bined over years. Nitrogen sourcesindudesolubleN and polymer-coated urea(PCU). 

Treatment no. N source N ratec 
Timing: Nitrogen content 

PP, P, E, A-l = Vinec Tuber Total:: 

ccccc kgha-1 :c:c= 

None 0 0,0,0,0 8.6e 922f 

2 fulubleN# 90 0,45,23,22 14.6de 137.0 e 

3 Solub!eN 180 0,45,68,67 26.3cd 176.8 cd 

4 fulubleN 270 0, 45,113,112 38.7 be 2012abc 

5 Solub!eN 360 0, 45, 1~i8, 157 64.6a 197.6 abc 

6 fulubleN 270 0, 45, 115, 5[22 46.?b 194.3 abc 

7 FCU 90 0,45,45,0 16.7 de 152.9 de 

8 FCU 180 0,45, 135,0 30.8c 197.3 abc 
g FCU 270 0,45, 225,0 48.7b 213.5 ab 

10 FCU 360 0, 45, 315,0 71.3a 219.1 a 

11 POJ 270 225,45,0,0 47.1 b 187.4 be 

12 F-0.J 270 0,270,0,0 72.?a 210.0 ab 

Q:mtras:srn 

2!:plitss:Jluble Nvs. Bnergence FCU(2, 3,4, 5vs. 7, 8, 9, 10) :....L * 
Linear R::sponseto S:,lub!eN (Treatments 2, 3, 4, 5) * 

Quadratic Re...cpon~ to S:,lub!e N (Treatment s2, 3, 4, 5) NS 

Linear r~on~ to FCU (Treatments 7, 8, 9, 10) * 

Quadratic response to POJ (Treatments 7, 8, 9, 10) NS * 

* Sgni=:cant at the 0.05probabil[ty level. 

uN rate isin kg N ha-1; 45 kg ha- of nitrogen at planting isfromdiammonium phosphate. 

cff;preplanting; f?planting; E, emergence and hilling; FH, post-hilling. 

uMeansfoUowed bytheSJme letter in columns are not sgniccanHy dicerent (p> 0.05). 

□Total N = vine+ tuber N o:mtent. 

#8:)lubleN = urea applied at emergence and urea/ammonium nitrate (1:1) applied at pos::-hilling. 

::::cSgniccant at the0.10 probabHity level. 

rn1,4s, nonsgni o:ant 

100.Bf 

150.3 e 

203.1 d 

239.9bc 

2622ab 

240.9bc 

169.5 e 

228.1 cd 

2621 ab 

290.4 a 

234.Sbc 

282.6a 

* 
* 

NS 

NS 

Fertilizer l'l Nuse ec dency recovery 

% Q g-l 

- 120.5a 

66.6a 86.0b 

57.0a 65.9c 

51.7 a 52.?d 

45.0a 40.3ef 

52.1 a 50.4de 

76.6a 882b 

71.0a 70.2c 

60.0a 52.8d 

52.9a 39.8f 

49.7a 49.9def 

57.6a 50.3de 

- NSI 

* * 
NS NS 

NS NS 
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controlled-release fertilizers im prcrved N recovery. Lm-v N recovery 
vvith certain PCU sin the latter &11dy ,vas attributed to Oockout,□ 
·where coated prillsneverreleased thefeitilizer or improper release 
rates :for potatoes ,vere used (Pack et al., 2006). □ is illustrates the 
importance of evaluating newPCU products :from both an a_gro­
nomic and an environmental standpoint. 

Another imp01tantmeasureofpotato Nutilization isNUE. 
□ e addition of N signiCcantly reduced NUE over the ON 
control (Table 3). An :increase in N rate signiCcantly reduced 
NUE linearly for both N sources. Emergence PCU tended to 
result in numerically higher NUE than soluble N at the lower 
N rate~ but overall dilliences beh\-'een N sources Vv"ere not sig­
niD::ant ,.i:\11 N tim:ing and source treatments at 270 kg N ha- 1 

also rerulted :in similar NUE. Zebarth et al. (2004a) reported 
comparable NUE under dry conditions for potatoes fertilized 
,,;jth soluble N at hilling (40I::92~o) 

Nitrogen content values and N recoveiy results presented 
in th is study are consistet1 t ,vith other studies conducted undei· 
low leaching conditions (En:ebhi et al., 1998; Zebarth et al, 
2004b ). In contrast, othei·s reported low-er values under vary­
ing conditions. Zvomuya et al (2003) argued that lavv N 
remve1y in 2 out of 3 yr ,,:as due to higher immobilization of 
applied N caused by the previous vvmter rye crop, ,vhich had 
a high C-to-N ratio. In the third yeru~ v,i1ich had similar N 
recovery vnlues to the current study, potatoes follovved soybean 
[Glycin~max (L.) J'v1m:]. Potatoes in the present study follow-ed 
v.mter rye in both years, and recovery values were relatively 
high, ruggest:ing other factors may have di[et-ed betvv"een the 
t\vo studies. Pack et al. (2006) used N rates of 146 and 225 
kg N ha- 1 on Atlantic potatoes and found compru·able vine N 
contents (41[99 kg N hff 1) to RmBet Burbank in the present 
study, but h1bei·N uptake (76022 kg N ha- 1) and N recovery 
(18C47%)reported by Pack et al. (2006),veremnch lm,ver. 0 e 
authors indicated that conditions were drier than nmmal, but 
large precipitation events occu!l'ed eru·ly in the season. Bundy 

Table 4. Pos-harves: soi! inorganicN (0D30 an)asac::ected by year_ 

2006 

2007 

Year 
foil inorganic N 

Tot ale NH cN NO,,c:N 
" c r- n c n re mg kg- 1 r n r c r-: c c 

9.5 ac 7_1 a 2_5 a 
5D b 2.4 b 2_5 a 

□Total= NH/:N + NOi~N. 

c::Mmnsfollowed bytheS:1me le:tEr in c:olumnsare not sgnio::antly dice-Ent. 

and An draski (2005) also found low N recovery (<50%) for 
potatoes fertilized Vvith 224 kg N ha- 1 under above'."n 01111 al pre­
cipitation conditions. 

R:sdJal 3:xl Ntrcte 
O e year □treatment interaction v,11S not signiCcant for total 
residual soil inorganic N, NH/N, or N0 3[N (Table 2). 
Residual total inorganic soil N and NH/N :in the top 60 cm 
were greatei· in 2006 than in 2007 (Table 4). Residual soil 
NO ~LN vv-as not aCected by veru·. □ e di[erence bet\veen years 
vvith soil NH4LN (hence t~t~ N) but not NO:/N is unclear. 
Leaching events occun"ed vvithin 1 wk before soil sampling 
dates in both yearsandmayhavemoved soilNOiN belo-wthe 
sampling depth \vithout aCecting soil NH4 CN conce11trations. 

Nitrogen treatments did not signiu::a:ntly aCect total soil inor­
ganic N concentrations in the top 60 cm, but soil N03 [N and 
NH/N did diCer among treatments (Table 5). OveralL only 
application of PCU at planting and the soluble N fetiigation 
treatment signillimtly increased residual soil NH 4 CN over tl1e 
zero N control For soil NOiN, the highest N rate (360 kg -
ha- 1) for both N sources (Treatments 5 and 10), as vvell.asthe SL. 

uble N feitigation treatment, preplru1t PCU, and planting PCU 
(Treatments 6, 11, and 12, respectively), resulted 111 signiu::antt1 

higher levels than the control For all residual soil inorganic N 
components, there \\1lS no diCerence based on contrasts bm,een 
N sourceswhm applied at equivalmt :rates (p>0.10). In addition, 

Table 5. Port-harvei 9Jil inorganicN (0D30 an) asa::::ected by N source, rate, and timing combined over years. Nitrogen sources indude9Jluble N 
and polymer-coated urea(POJ). 

Timing 
Treatment no. N source N ratec 

PR P, E, Ft-I~ 

None 0 0,0,0,0 

2 EolubleN# 90 0,45,23,22 

3 8JlubleN 180 0,45,68,67 

4 8:JlubleN 270 0, 45_, 113, 112 

5 EolubleN 360 0, 45,158,157 

6 SotubleN 270 0, 45, 115,5[22 

7 POJ 90 0,45,45,,0 

8 POJ 180 0, 45,, 135, 0 

9 POJ 270 0,45, 225,0 

10 POJ' 360 0, 45,, 315,0 

11 POJ 270 225,45, 0, 0 
12 POJ 270 0,270,0,0 

□N rate isin kg N ha- 1; 45 kg ha- 1 of nitrogen at planting isfromdiammonium phosphate. 

cPP,preplanting; P,plantrng; E, emergence and hilling; R-1,post-hilling. 

□Total N = vine+ tuber N content. 

cMeansfoHowed by the S:1me letter in columns are not sgni ccant ly dicerent (p > 0.05)_ 

#8J!uble N = urea applied at emergence and urea' ammonium nitrate (1:1) applied at pos:-hilling. 

8:JH inorganic N 

Total:; NH4cf\l NO3CN 
~ CJ ;-'. ;-; ;-: C i°' mg kg- 1 C f, CC C ,-; IJ 

6.Dac 42c 1.8 C 

6.4a 4.3c 2.1 be 
6_9a 4.8 be 22bc 

6.5a 4.2 C 23bc 

7.3a 4.6bc 27ab 

9.0a 6.2a 2-8ab 

7.1 a 4_8bc 2.3bc 

7.1 a 4.Bbc 2.3bc 

72a 4.7bt 2.5abc 

7.5a 4.3c 3-1 a 

7.3a 4.7bc 2.6ab 
R7a 5.6ab 3.1 a 



linear and quadratic trends for NO/N, NH_p~·, and total N 
,;verenot signi7:ant.Zvomuyaet al (2003) concluded that acover 
crop following the us-e of PCU fertilizer \\118 needed to s::avenge 
high amounts of residual soil N became in that study PCU only 
relea::ed approximately 60% of N by the tnn e of harvest. With 
the PCU f01m ulation tested in the prerent study, residual soil N 
did not diu.:r bet\:\een feitilizer sources and over 90% of the N 
had been released by harv~ (Wi150n et al., 2009). Hut,vevet; since 
NO~ ,vasst:illpresent in thepost-ha:rvest soil solution, a cover crop 
is still recommended to minimize NO, lo~ .., 

~usons 
Under the conditions of this study, our results show that ESN, 
a new economical type of PCU, can sign iu;an tly 1·educe NO 

3 
leaching and improve apparent N recovery over t\vo split 
applications of soluble N at equivalent N rates. Othei·s have 
found similar results with diCerent PCUs, but residual soil N 
after harvest ,vas higher after the use of PCU, indicating that 
signiO;ant losses could occur in the fall as NO

3
CN' leaching. 

Our data suggest that the ne,v formulation of PCU does not 
signiO;antly increas-e post-harvest soil N over conventional 
practices for potato. □ e soluble N fertigation treatment also 
signiD;antly reduced NO~ leaching over two split applications 
of soluble N (at equival~1t rates), but it did not :improve N 
recovery and signiD:antly increa..-ed residual soil NOJN and 
NH4CN'. While proper N management is important t~ reduce 
NO

3 
leaching, irrigation timing plays an impmtant role as 

,vell. Nitrate leaching ,vas more pronounced \\-nen irrigation 
and precipitation even ts closely follO\,-ved each other. If a large 
,,mer drainage event occurred during peak soil v:,,ater NO

3
[N 

concentrations, the loss ofN could be signiCi::ant. \Vhile it is 
di□ cult to manage itTigation in climates ,vith unpredictable 
rainfall, the use of PCU ±ertilizers may help to minimize NO:: 
losses imder conditions conducive to leaching. -
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Groundwater nitrate contamination costs: 
A survey of private well owners 
AM_ Lm,vandowski, B.R Montgomery, C.J Rosen, and JF. Moncrief 

,Abstract Ground'.vater is an important source of drinking water in Minnesota and nation­
\Vide. In Minne rota, 59··'& to 10%·, of drinking \Vater wells have nitrate (NO,) concentrations 
that exceed health standards. \VeU owners incur direct costs as.'Klciated \,;1th the p1c:::.ence 
of N 0

3
, including costs related to treahnent system~ ,vell replacement, and purchasing of 

bottled- vvater. The objective of this study was to quantify actual amounts spent by private 
well mvners \vhen N 0~ levels are elevated, regardless of ,vhether the owners are mvare of 
the contamination. Survey questionnaires afiling about ,vell characteristics, NO, tefiing. and 
costs of actions taken in response to elevated N 0

3 
were mailed to 800 private-well mvners 

in the central smd plains ofl'viinnesota. Sixty percent of recipients returned surveys and then 
'Nere sent water sampling bottle~ of \Vhich 77'Yo \Vere returned.Nitrate \Vas deter.mined in 
the returned ,vater ramples. About 6% of ,vells tested greater than the US Environmental 
Protection Agency health standard mmdmum of 10 mg L-1 (1 O ppm) nitrate-nitrogen. Le&S 
than one-third of re::pondents had tested their water for NO, ,vithin the past three years. 
Average remediation costs ,vere $190 y-1 to buy bottled vvater;$800 to buy a NO, rernoval 
system plus $100 y-1 for 1nainte11ance, and $7)00 to im,tall a new \vell. Ohve11 mvi1ers \vith 
nitrate-nitrogen over 10 mg L-\ 24%1 bought bottled water,21%insta11ed treatment sys:em~ 
24'-Vidm,talled new well~ and 31 % were unaware of the contamination and took no actions. 
\Vat er resource planners can compare the costs cle&:ribed in this s:u.dy to the costs of prevent­
ing aquifer contmnination through education and technical and financial s.uppo1i. This s:udy 
also demonstrates a method for representative Exlmp1ing of private vvellsvvithout on-site visit:~ 
and the continued need for educational progra1ns related to routine testing. 

Key words: bottled ,vater--drinking vrnter-grmmdvrnter quality-nitrate test kit-rand 
plains--san dy ou t,va31 

ft.bout 70% of Minnesotans get their 
drinking water from groundwater, includ­
ing more than one million people (23%) 
who rely on private wells. Nationvdde~ 
44 million Americans-15~'o of the popula­
tion-get their ,vater from private drinking 
,vater ,vells (Hutson et al. 2004). 

Elevated nitrate (NO;) concentrations in 
drinking ,vater can cau~~ methemoglobin­
emia (blue baby syndrome) in infants. In 
addition~ some reS'carch has mggested that 
long-term consumption ofN O, is as.<:.0ciated 
with certain cancer~ but evicle11ce is unclear 
(Fe'Ntrell 2004; Rademacher et aL 1992), 
The US Environmental Protection Agency 
set amaximum contaminant level for nitrate­
nitrogen (NO,-N) of 10 mg L-1 (or 10 
ppm) as a safe concentration for infants (Us 
Environmental Protection Agency 2002). 

journal of soil and wa! er conservation 

ln :rvI:innesota, natural background con­
centrations of N 0 3-N in grounchvater are 
le&.'S than 1 mg L -1 (IVIinnerota Pollution 
Control Agency [I\11PCA] 2001). Sources of 
NO 3 contamination include fertilizer~ anirn.al 
manure, human ,vas:e (resvage or reptage), 
and atmospheric deposition (e.g., nitrous 
oxides from combus:ion). Contamination 
is more likely in areas of deep &~1dy glacial 
ouhvash deposits,, rometimes found over 
loamy glacial ti11 or lake sediments-; mch as 
thoS'c in central Minnerota. Wells in these 
vulnerable areas often drmv drinking water 
from surfidal aquifers, i.e., aquifers above 
bedrock ,vith no clay or rock confining 
layer protecting them from contaminants 
in s.ufuce recharge water. Sand point wells 
are common in these areas. Sand points., also 
known as driven-point, ,vell point::,, or slam 

Proof: not for distriBution 

,vel1~ are constructed by driving a pipe into 
relatively lome soils. They are generally less 
than 7-m (25-:ft) deep became of pumping 
limits. Sand points can be s1J::.ceptib1e to con­
tmnination because of their lack of grouting, 
shallowneS:;,_. and lack of a confining layer. 

An estimated 7'h) of all public and private 
wells in Ivfinnerota exceed the maximum 
contaminm1t level for N O~-N (IvIPCA 
2006).This estimate is based on reve1:al data­
bases that are biased toward newer \vells that 
probably have lmver N 0, concentrations. 
An MPCA study of vu1nera1-1le aquifors mea­
smcd > 10 mg L-1 NO,-N in 3.3%) of ,vells 
sampled; hmvever, this,,1as a study of aquifers 
(not wells), so only deep vvellsin nonagricul­
tural areas were s..1mpled and the upper parts 
of aquifors ,vere not represented (iVIPCA 
1998). Higher contm.nination rates v:muld 
be expected in agricultural m.·eas and sur:ficial 
aquifers.. Of the :::amplesbronght to voluntary 
well \Vater testing clinics ~ons::,red by the 
Minnesota Depm·tm.ent of.Agriculture, nem.·ly 
89·"o ,;vere over l O mg L-1 NO ,-N (Minnesota 
Department ofAgriculhire 2006). The clin­
ics are targeted to areas m.ost vulnerable. t" 

NO 3 contamination, and participation J 

be biaS'cd tmvm.·ds people -Yvho suspect tht_v 
m-e at increared risk forN0

3 
contamination. 

Some areas of Ivlinnesota have :much 
higher-than-average rates of contamina­
tion, but statevdde N 0,-N concentrations 
repo1ted in Minnesota \\"elLs are lo•;ver than 
those of neighboring states. In lmv~ repre­
sentative ffi:!npling of rural \Vells from 1988 to 
1991 measured 18%to 20% of\vells over 10 
mgL-1 (Libra et aL 1993).Arecent\Visconsin 
aggregation of seve.ral water quality databases 
found that 129'& ohvel1s state,;vide exceeded 
10 mg L-1 NO 5-N ~ and rates in a fe,v coun­
ties exceeded 20%} (\Vioconsin Groundwater 
Coordinating Council 2006). 

Coa-s of preventing groundvrnter con­
tamination commonly relate to providing 
education~ technical support, and financial 
incentives to encourage desired practices. 
Water res::,nrce resem·chers and planners 
(including state, county~ and city officials,, 
and private consultants) need an understand-

f 
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ing of the costs of N 03 contamination to 
be able to justify and allocate the cos:s of 
ground\vater protection. Once an aquifer is 
contaminated, every \Vell owner tapped into 
that aquifor may bear costs of treating the 
water or finding another source. The::e costs 
have not been well analyzed. 1Vf mt s:udies 
reviewed by Phillips et aL (1999) med the 
contingent valuation method which asks 
people to asress their willingness to pay for 
drinking water quality. Other studies esti­
mated the effect of erosion on surface water 
treatment, morbidity and mortality costs, 
or co::::.ts of avoiding ground,vate1· pollution. 
None of the studies summarized the actual 
amount spent to remediate contan1i11ated 
well water. Pottebaum (1990) gathered 
information about costs of treatment sys:ems 
but did not examine the rnte at which well 
mvners would instal1 systems. 

The primary purpoS= of this study was to 
determine hmv 1---irivate \veil owners in the 
glacial ouhvash soils of 1-fomerota re~ond 
to elevated N03 concentrations and to 
quantify their costs. 0 ther objectives \Vere 
to demon&rate a low- cost statis:ical &'1!:npling 
method for determining NO 

3 
concentrations 

in private wells and to examine well o,vn­
ers'perceptions and attitudes about drinking 
water qirnlity to help water rerource planners 
and reS=archers address NO 3 problems more 
effectively. 

Materials and Methods 
The study focm.ed on areas of deep 
sandy glacial deposits in central Minnesota 
(figure 1). Land cover acro&'5 the region is 
about 20%) lakes and ,vetlands, about 40~,.o 
ag1icultural, and about 40% forest and brush, 
with small amounts of developed land in dud­
ing communities and recreational properties. 
Almost 10%:,ofthe cropland in the region is 
inigated. 

A mail survey \Vas developed and targeted 
at mvners of private wells in 11 coun­
ties with high proJ.,"lOrtions of sandy glacial 
outwash: Becker~ Ca::,s, Dakota, Hubbar~ 
ltaoca~ 1v1orrison, Otter Tail~ Sherburne, 
Stearns, Tod~ and \Vadena (figure 2). To 
avoid homem.vners on municipal water sys­
tems and to target sandy outwash area~ the 
mailing addre~s ,vere .identified by Jart­
ing with land parcel databases frorn each 
county. Parcels ,vere identified by township 
or . municipality~ so those ',vithin munici­
pal boundaries could be easily eliminated. 
Parcels \Vere alro eliminated if they had no 
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Rgure 1 
E:a.ndy outwash regtons of Minnesota. 
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building~ were public propertie~ had out­
of-state addre~s or incomplete addresses. 
or had the S:Une mvner as a previous par­
cel. The list was then lilnited to properties 
on S3:ndy out\vash deposits by using a geo­
graphic information S)r;:,tem (GIS) overlay of 
sur:ficial geology-::pedficall)~ areas labeled 
"Outwasl.1--U ndivided as to '.Moraine 
A&:.0ciation" from the 1:finnerota Geological 
Survey map of quaternary (sur:ficial) geol­
ogy acquired frotn the Land Management 
Information Center (figure 1; Hobbs and 
Goebel 1982). If the list of parcels for a 
county vrns not in a GIS format, the list \Va5 

limited to properties in tmvm:hips primarily 
on :nndy outivash. The resulting list of par­
cels \Vas divided into hornesteaded (mvner 
address same as property addre~ and non-

Proof: not for distri6ution 

homesteaded properties. N onhomeieaded 
properties vvere thought to be second homes 
and recreational properties.. From the final 
list, 600 addre~s ,vere randomly ::elected 
n:om the hon1esteaded parcels and 200 
addreS::es from the nonhomes:eaded parcels. 

An alternative 8.)Ul'ce of well mvner 
addreS::es was the 1fo111esota County \Veil 
Index (CWI), a database which includes the 
location~ initial NO, concentration, depth~ 
and geology of \Vells across the state. We 
chote not to drmv the S:Unple from the C'\Vl 
because it contains only a fraction ofthe ,ve11s 
in the state, including ve1y tew \Ve11s drilled 
before 1974, and it probably under-repre­
sents @nd point ,vells (Minnesota Geological 
Survey andMinneffitaDepartment ofHealth 
2007;\Valil andTipping 1991). 
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The survey methodology fo11mved proce­
dures des:ribed by Dilhnan (2000). In the 
summer of 2006~ the 800 property O\vners 
were tent a survey ,vith 2 5 questions about 
characteristics of their welL NO, te::iing of 
the well~ actions taken in responsi/to e1e,;ted 
NO 3 concentrations, costs of these actions, 
and respondents' concerns and perceptions 
about ,vater quality: The cover letter offered 
participants a :free NO 3 tea:ing kit to encour­
age participation and as a lmv-cos: method 
to collect NO, measurements for each \Veil. 
A ,veek later,~ ren1inder postcard \Vas ::ent 
to all addresses.. Three ,veeks after the initial 
mailing~ a duplicate survey was sent to non­
respondents.After three month~ 483 people 
(60%i) had rehm1ed surveys. Re~ome rates 
,vere the same fm homesteaded and non­
homesteaded properties. Respondents \Vere 
sent a N Q __ testing kit consis:ing ofins:ruc,­
tion~ a 120-mL (4-oz) bottle; and return 
postage. \Vater S:l:mples ,vere returned by 
370 (779/o,) of the people '.Vho \Vere sent kits. 
If respondents indicated they had a NO 3 

treatment system! they ,vere sent t\vo bottles 
and a~ked to &'1t:np1e both before and after the 
treatment system. Participants ,vere asked to 
take the s.:1mple immediately before mailing 
it and to mail it early in tbe week Samples 
were analyzed \Vithin a day of arriving at the 
1ab. Levels of NO 3-N in the 1cvater S1mples 
,vere determined using a Hach DR4000 
or DR5000 spectrophotometer (method 
10049, Hach 2005). Before analys.~ 1 ml 
(0.03 oz) of 19---cl HCI solution ,,vas added to 
a romple of about 100 ml (3 .4 oz). If res..llts 
were over 1 0 mg L-l, a 10:< dilution of the 
sru:nple \:vas analyzed. 

Si.irvey results were u::ed to estimate 
average actual expenditures for treating or 
rep1adng contaminated water. The actions of 
well owners who \Vere a\vare ofthe NO 5-N 
concentration of their well were compared 
to those ,vho \Vere not mvare by using chi­
squared tests. Although respondents were 
allovved to report duplicate respom.es (e.g.~ 
they may both drink bottled ·water and have 
a treatment sy&em} duplicate answers ,vere 
removed for the chi-squared analysis by 
as.'Signing each respondent to a s.ngle action 
in the priority order of ne,v well installa­
tion, treatment system 0 ru1d then drinking 
bottled ,vateL A 1ogi::iic regres.ion ,vas 
u::ed to model the occurrence of elevated 
NO 5 concentrations from .,Nell type, \Yell 
age, and &1.urounding land ure. Pearson s 
chi-:~uared tests ,vere u:::ed to determine 
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Rgure 2 
Cistrlbution of returned surveys_ 

r----,, 
I \ 

) K;ttson Sbse~ ;:}h~J~;T'--~ f T' 7 

Marshall 

differences in responses bet\.veen people 
\Vho are concerned versus not concerned 
about N03 contamination and dii1erences 
runong types of\:vater quality concerns. Data 
analysis was done \Vith R statistical ::oftware 
(R Development Core Team 2006), 

Results and D scussi on 
Table 1 and :figure 3 are ba~d on re:::ults 
from three survey ques:ions asking about 
.,;veTI age, depth:- and type of construction. 
1'v1ost respondents (77%J) kne'il.1 all three 
characteristics, About two-thirds of the 
wells were drillect and one-fifth ,vere sand 
point ,ve11s. The proportion of s.-._-qnd points 
was even lower among the ne,ver ,ve1ls. At 
least one-third of the .. wells can be consid­
ered susceptible to contamination because 
they \Vere a S:l!ld point, more than 3 0 years 
old, or 1ess than 50 ft (15 m) deep. At leas: 

Proof· not for ,jistriButlon 

40% of the wells can be cons de.red le~ sus­
ceptible because they were ch'illed and they 
were either le!'>.><:; than 15 years old or greater 
than 100 ft (30 111) deep. 

The age categories of 30 and 15 years 
were choten to roughly correspond to the 
implementation of Minnesotas \Vater 
Well Cons:ruction Code in 1974 and the 
1vfinnesota Ground \'Vater Protection Act of 
1989. The 1974 code required .,.vell drillers 
to mbrnit logs for every \veil imfalled. The 
1989 Act improved compliance with ,vell 
cons:rncti on and reporting standards(H e11and 
2001). Data :from most well logs since 1974 
have been entered into 1-finnesota s C\VL 
The code also app1iesto homemvnersins:a11-
ing rand point well~ but the compliru1ce r 

is unknown. At leas: 15% of the drin~ 
,vater 1cvellsin this survey are not included 111 

the C\VI because they ,vere installed before 

r,1.AY! .LIME 2008---1/0 l . 63 .. no 3 
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Table 1 
Reportedwell characteristics. 

AH 1.,vell types (N = 468) 

<50 ft 

51 to 100 ft 

101 to 300 ft 

>300 ft 

DJn't know 

8..1m 

Crilled wells (N = 304) 

<50 ft 

51 to 100 ft 

101 to 300 ft 

>300 ft 

D::ln't know 

sum 

Criven or sand point vvells(N = 104) 

Age 
~15y 

5% 

20% 

12'3/o 

1% 

5% 
4'>0/ J /() 

1~,o 

19% 

11 °/o 
10/ 10 

2~~(0 

34% 

<50 ft 3% 

51 to 300 fr 0% 

DJn't know 0% 

DJn't 
15 to 30 yr >}9 yr know 

8% 

14% 
go; 

10 

1 '~1o 

5% 

37% 

1% 

12% 

8% 
1 i~/0 

2% 

25% 

7% 

1% 

1% 

70; 
/() 

')()/ 
...._I /0 

20: iO 

oo, 
/o 

3% 

15% 

1% 
107 lo 

2% 

0% 

O~b 
4% 

50; 
iO 

1% 
1 o; 

/0 

2% 
1 OJ lO 

0% 
001 /() 

3t¾ 

6% 

0% 

1% 

0% 
oo: /() 

10;; 
20; 

/() 

1% 
0~) 

0% 

&lm 

22% 

37% 
2'>0) J /0 

20/ /0 

16% 

100% 

3% 

33% 

21% 
20,· 

/0 

501 .,o 

65% 

17% 
4)1)? 
d /0 

2% 

&rm 4% 9% 8% 2% 22% 

Note: Blglish units are used to match the way questions i,,vere asked in our survey questionnaire. 

* &md point 1Nel!s are generally no deeper than 25 feet 

m.id-1970. \Vhen asked if their well had a 
C\VI number~ 22%, of re~ondents ::cid yes. 
29% raid no, and 5 O?/o did not know .. Among 
ovmers of s:1nd point \Ve11~ none said ye~ 
57%!:xlid no, and 43?,o did not know. 

Three-quarters of the tested \vells had 
NO.-N concentrations belmv 1 mg L-1 

(fig1~e 4). Almost 6%1 tested greate/ than 
10 mg 1-1.Thisrate is comparable \Vith remlts 
from other studies in Minne:sota diocu&ed in 
the intmduction. Surprisingly~ NO 

3 
concen­

trn.tions did not differ among the \Vel1 type~ 
but the odds of elevated NO, concentrations 
were significantly higher in ~vells ,vhere the 
principal land u:::e \.Yithin one-quarter mile 
was agricultural (table 2). 

The lvfinne:sota Department of Health 
recommends a routine NO ... test every t\:vo 
to three years for private.) \Velis use'd for 
drinking water (rvlinnesota Department of 
Health 2007). Only 29~·o of re:=pondentshad 
tes:ed their ,ve11 water for NO

3 
\Vithin the 

past three years (figure 5). Of t11e remainder 
,vho had not tested in the pas: three years, 
nearly three-quarters did not foe1 a need to 
tes: because either they did not drink the 
vrnte1~ the water ,vas :filtered, or they pre­
sumed the ,vater \Vas fine (table 3). Some 

MAW JJNE200B-vol. €3, no. 3 

,vere not mvare that their c...1rbo11 :filters 
and ,vater :softeners did not remove NO 

0
• 

Cos: and inconvenience were les-s commo1; 
ban:iers to testing. 

Responses to and Costs ofElevatedN itrate. 
Responses to elevrated nitrate vary partly 
because :some \vell owners do not know 
their water NO, concentration and others 
choo~ to respond at ·various concentrations. 
In this survey; half of re::pondents said they 
·would begin treating or finding an alterna­
tive water s:mrce before the concentration 
reached 10 mg 1:-1 N O,-N, \vhile the other 
halfv.rould wait until it reached 10 or higher 
(figure 6). \Vben they decide to take action, 
749'& :xlid they would get (or already have) 
a NO 

3 
removal system (table 4, column l ). 

(Respondents\vere told the approximate cog 
of a sy&em ,vhen answering this question.) 
However, actual actions difter from intended 
actions treatment systems were installed by 
only 28% of all respondents ,;vho thought 
they had 'Water \Vith more than 10 n1g 1-1 

NO,-N (table5,column 7). 
R-eported costs of re~onS:s to e1e·vated 

NO, are :~hown in table 6.Average expen:::es 
in re::pon~ to NO, contamination \Vere 
$190 r 1 to buy bott1~d water: $800 to buy a 

Proof. not for distr lBut ion 

NO 3 rem.oval system plus $100 y-1 for main­
tenance, and $7,200 to ins:a11 a new \Vell.To 
avoid NO

3 
contamination, a new well may 

be drilled into a deep aquifer. There deeper 
\vaters typically have a high mineral content 
requiring the additional cost of a \Vater soft­
ener. Reported annual maintenance costs for 
a treatment sygem may be limited to filter 
replacement and may not include the cos: of 
electricity or the cos: of waste \Vat er dispo531. 
Reverse osmosis systems typically generate at 
least four units of 'Naste water for each unit 
of product \Vater. 

Total direct spending for elevated NO, 
concentrations was calculated by mm.ming 
the costs of each responre to NO

3 
con­

tamination after 'Neighting the cos:s by the 
proportion of 'Nell mvners choos.ng each 
response. To estimate the level of behaviors 
attributable to NO, contamination rather 

~ 

than to other concern~ the prevalence of 
behaviors among \vell o\vners \Vith less 
than 2 mg L-1 NO 3-N ,;..vas subtracted from 
the prevalence among \veil mvners \Villi 
greater than 10 mg L-1 NO3-N (table 4~ 
column 5). This was multiplied by the aver­
ag:e cost of each responS: from table 6, Thus,, 
,vhere NO 3 concentrations are elevate~ an 
additional 16g.1o of the population bought 
treatment sy&em.s at an average cos: of$798 
plus $100 T\ 16%:i bought bottled vrnter at 
a cost of $190 y-1, 25%,im,talled a nevv well 
at a cos: of $7,200, and the remainder con­
tinued their ::ame behavior at no additional 
cost. The result of summing there \Veighted 
costs is $1,927 in initial costs plus $46 y-1• 

This repre~nts the avenige one-time cost 
per well if the NO

3
-N concentration in an 

aquifer rore above 1 O mg L-1. If the cost of 
a ne,v well were spread over 50 years and 
the cost of the treatment sys:em. ,vere ~xead 
over 20 years, then the average long-term 
annual cost per ,vell of elevated NO, con­
centrations is $89. The larges: compo11ent of 
the one-time cost is attributed to the 25<3-o of 
people who installed a 1mv ,vell. That pro­
portion is ba9e-d on the eight people in this 
survey svho said they installed a ne\v well 
because of elevated NO, concentrations. 

Spending for NO, contmnination would 
likely be higher i( all ,vell mvners were 
mvare of contamination. In fuct~ rnos: \Vell 
mvners have not tes::ed their vvater recently. 
Once they learn about contamination~ they 
may drink bottled water or do nothing for 
:some time before buying a treatment sys:em 
or replacing a ,ve11. Thu~ rates of ins:alling 

journal of soil and water conservation 



treatment systems or taking other actions 
would be higher if every well mvner was 
aware of nitrate concentrations and had time 
to respond. Table 5 i11m,trates the higher 
rates of actions taken by people who kne'\v 
the results :from a recent ,vel1 water test. 

An alternative method for calculating 
costs is b~d on incremental N 0 3 concen­
trations: the cost of using a NO 3 removal 
sys:em to reduce a NO 3-N concentration by 
1 mg L--1 ,vas calculated by dividing the co::t 
of each individual No. removal sysem by 
the reduction in N O./N achieved by that 
sys:em (data not sl.1mv11).By this caku1ation, 
the average cost to reduce NO,-N by 1 mg 
L--1 was S227 in initial costs pllis Sl 3 r 1 for 
all systems that ,vere treating NO ':t contami­
nated •;vater. 

This s:udy aS3.unes that costs of NO 3 
contamination can be ::eparated from other 
costs. In reality, ,vell O\Vners likely make 
decis.ons about treating or replacing their 
drinking \Vater source based on multiple 
factors including perceptions of various 
contaminants., taste, convenience, cost, and 
reliability. The. survey did not attempt to 
a~-&:> the relative importance of the::e other 
factors in drinking ,vater choices. 

The survey was designed to es:imate 
replacement cm.ts reprerented by either 
treating contaminated water or finding an 
alternative source.Replacern.ent costs do not 
represent the total rocietal costs ofN O 3 con­
tamination but help trace economic flows 
and thus are usefo1 for planning at a local 
level. Total costs of NO, contamination are 
better represented by. the., ,villingnes.:; of indi­
viduals to pay for risk reduction (Kuchler 
and Golan 1999), ·which ·was not addres."':.ed 
by this survey. 

Perceptions and Attitudes. Fe,v re::pon­
dents perceived a decline in ground,vater 
quality, and 62~-& felt they had ample oppor­
tunities to learn about their ·water quality 
(figure 7). Concern about NO 3 contamina­
tion ,vas about the rame as concern about 
bacterial or chemical contamination but 
\Vas significantly greater than concern about 
contamination with iron or other miner­
als (figure 8). Compared with people who 
are not concerned! the 71 % of people '-Vho 
are "very" or ,;SJme\vlrnr' concerned about 
NO 5 contamination \.Yere :signi:ficantly more 
likely to ::.-ay they test their 'Nater~ drink 
bottled water, and think property values have 
declined in the county due to poor \Vater 
quality (data not 810\.Yll). The perception of 
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Rgure 3 
Reported well dlaract er[stf cs. 

1'How is your well constructed?" 

12% 65% 

22% 

a How deep is your well?" 

"How old is your wel!T 

6% 

Rgure 4 

0 Crilled 

D Criven or sand point 

DJgoraugJ.red 

□ [)}n't knO\>V 

Less than 50 feet 

D 51 to 100 feet 

D 101 to 30 0 feet 

More than 300 feet 

[J Don·'t know 

D Less tt1an 15 years 

15 to30 years 

More than 30 years 

□ D::m't kno-w 

\/\/ell water nitrate-nitrogen concentrations of 370 water samples submitted for testing. 

Proof:. not for distriBution 

Oto 1 ppm 

1.1 to 5 ppm 

5.1 to 10 ppm 

Greater than 1 O ppm 
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Table 2 
Vvnereare nitrate-nitrogen concentrations elevated? 

Proportion of the category of weHs 
with the follg~ving NO,-N conci::~tratio~: 

category of wells <10 mg L-1 >10 mg L-; Unknown 

'✓'Veil construction 
0-i!led (N = 304) 

2and point (N = 104) 

Age of well 

Less than 15 years (N = 199) 

15 to 30 years {N = 172} 

More than 30 years (N = 69) 

Principal land use within a quarter mile of the wet! 

Pgricuttural (N = 139) (cropland, pasture, and grassland) 

Non-agricultural (M = 328) (forest, !avm, homes, water, or mixed uses) 

79% 

80°/.::i 

79% 

79 1% 

72% 

70~:'::i 

82% 

f0' J /o 

4% 

3% 

6% 

10% 

10%" 

3% 

18% 

15% 

17%. 

20% 

15% 

"'V\ihere the principal land use around the well was agricultural, the odds of elevated wen Nq concentrations 'Nere signlu:antly higher than at other 
locations, even after accounting for well type, age, and depth (p < 0.01 ). 

Rgure 5 
"Vvhen was your drinking welt water rast tested for nitrate?' 

10°/o 

14% 

Rgure 6 

'✓\~thin the past year 

19%) V\{thin the last 3 years 

4 to 10 years ago 

fv1ore than 10 years ago 

Never 

Don't know 

"Pt vvhat nitrate level would you begf n treatrng your water or finding an a!ternativesource of 
drinking water?' 

2% 

D Before levels reached 10 ppm 

D \/\hen !evels reach 10 ppm 

fatter levels had risen above 10 ppm 

51% Don't know 

Note: Pa.rticlpants 1.vere told that the US Environmental R'otedron Pgency considers NO,-N levels 
above ·10 mg L-1 to be unsafe, especially for infants and the elderly. ~ 

M.A:YfJJNE20O8-vol. 63, no. :3 Proof: not for distriBution 

Table 3 
V'vhy don't people test regularly? 

Response Percent of 
choice respondents 

D:m't f eer a need to 

have it tested 50% 

The water is probably me 23 % 

I don't knew how to 

test my 'Nater 

It ls not convenient 

18% 

9% 

Have not had time 9% 

It costs too much 4% 

Cther (didn't know to test; 

just moved) 18% 
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Table4 
Responses to elevated nitrate-nitrogen: NI well owners. 

CWnersof CWnersof Increased prevalence 

N= 471 

(1) 

lnstal! treatment system 7:3.9%t 

[link bottled water:f:: 

Install a new wen 

Nothing 

14.4% 

3.4% 

4-7% 
fvk,ve 1.5% 

Note: Cuplicate responses aHowed. 

All Oto 2mg L-1 

respondents NO,-NweHs 
N= 483 N ="299 

(2) (3) 

7.5% 6.0'% 

10.4% 9.0% 

1.7% 0% 

83.0% 82.9% 

"~ \/vhat respondents said they would do if water Nq_ became unsafe for drinking. 

t Including 6°;; vvho already have sy-stems. 

>10 mg L-1 associated with 
NO2.-Nwef!s NO, contaminatton 
N= 33 (col. 4- col. 3) 

(4) (5) 

2·1.9 11'0 15.9% 

25.0% 16.0% 

25.0%§ 25.0% 

37.5%11 

+ Cnly in dudes those ,Nho drink bottled ·water in response to elevated Nq_. A:ldittonal people drink bottled water for other reasons. 

§ PJ! eight respondents who safd they installed a new well because of elevated N½ vvere in duded In this hf.gh N01, group. 'Nater samples submitted for 
this survey 1.verefrom their nev,1 'NeU and thus had low NO, concentratims. 

JI JIJ: the time of the sutvey, most of this group did not know thef.r N02_-N concentration was >10 mg L- 1
. 

a NO 
3 

problem may elicit costs even vvhere 
NO, concentrations are not elevated. 

:, 

Surnmary and Condusions 
\Ve. surveyed a rnpre'.'.Bntative 5c'1lnple of 
private drinking \Vater wells by using a com­
bination of county land parcel lists to iden­
tify 11Ye1l owners m.1d a mailed NO 

3 
test kit. 

Table 5 

This methodology avoided the high cost of 
on-site \is.ts. Mo::.t people do not test their 
drinking 'iVater on a regular basis becamB 
they do not feel a need for testing. Cost and 
inconvenience 1,vere le55 common explana­
tionsfor lack oftesting, Some were not m:vare 
that their carbon filters and vvater softeners 
do not remove NOr Of the 'Nells tested in 

this survey: 6% had NO ~-N concentrations 
> 10 mg L-1, and another 5%} \Vere betiveen 5 
and 1 O 1:ng L-1• The proportion of \Velis with 
elevated N0

3 
was greater \vhere the pr_i·­

cipal land use \Vithin a quarter mile of 
well v.ras agriculhna1 verms 11011-agrkulturai. 
Costs of treating or avoiding NO 

3 
contami­

nated water can be sub::itantia1. Average cos: 

Responsestoelevated nitrate-nitrogen: 0:impar[son of weH ovvners\,vho are aware and not aware of their nitrate-nitrogen concentration. 

Aware 
N = 106 

(1) 

Install treatment system§ 87.7" 

C'rink bott!ed water II 7..5"' 

Install a new 1vvefl 2 .. 8 

Nothing 1.9"' 

Move O 
Note: Mo clupficate responses allowed. 

Not aware 
N= 365 

(2) 

74.Ei 

16.6 

3 . .7 
5.1 

1..9 

All ONners of Oto 2 mg L-l 
respondents* NO

3
-Nwells 

-' ,-•~ w-.- ..... ~s;•• .,,.-.-, ~-~,a••-•~~ 

Av-1are Not a1.vare /wvare Not mvare 
N = 106 N = 377 N= 46:f: N= 253 

(3) (4) (5} (t3) 

14..2" 4.8 13.3* 4.0 

5.7 9.5 4.4 8 .. 9 

7.5* 0 0 0 

72..6 85 .. 7 82.2" 87.0 

,t Difference between 'Nell owners who are mvarn and not aware of their Nq,-N concentration is signiu:ant (p-value < 0.05). 

t Vvtiat respondents said they would clo if water Nq_-N concentration became unsafe for drinking 

+ N = 46 rs from the 68 people vihosubmitted water samples, not the entire 106 who knew their nitrate concentration. 

§ Hypothetical responses includes 9%wt10 already have systems. 

ONners of >10 mg L:- 1 

NO
2
-N wel Is* 

Aware Not aware 
N= 22 N = 11 

(7) (8) 

27.8'" 7.1 

16.7 21.4 

44.4'"# 0 

11.1" 71.4 

fl Olly in dudes those ·who drink bottled water in response to elevated NO, .. A:lditional people drink bottled water for other reasons. 

# Sx. respondents vvho said they installed a new welt because of elevated N00 were included in this l1igh NO, group, although water samples 
submitted for thrs survey 1..vere from their new wen and thus had low Nq~ concentrations. ·-· 
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Table 6. 
Cbsts of actions taken in response to elevated nitrate. 

Reported cost average (range) 

Initial costs 

NO3 removal systems: 

Reverse osmosis: own (N = 16 of 25)t $855 

($85 to $1700) 

Reverse osmosis: lease (N = 2 of 4) $0 

astmation (N = 4 of 6) $961 
($190 to $3,000) 

A1ion exchange (N = 1 of 1) $1,600 

V',eighted average all systems (N = 23 of 36) $798 

New v.'et! (N = 10 of 8 ):t: $7.,200 

($3,000 to $15,000) 

Bottled water (N = 41 of 50) 

.Annual costs 

$87 

($25 to $200) 

$360 

($240 to $480) 

Not reprnied 

Not reported 

$100 

$190 

($36 to $600) 

Total 
annualized 
costs* 

$130 

$360 

$140 

$144 

$190 

1c Initial cost of treatment systemsv:as divided by the projected 20-year life span of the systems. Cost of a we!! was divided by 50 years. 

t Numbers in parentt1eses indicate the number of respondents vvho reported costs and Hie total number who reported taktng that action in response 
to elevated nttrate concentrations_ 

t Ten respondents rep<xted costs, bu:t on!y elgit instalted their well in response to nitrate contamination. 

Rgure 7 
Perceptions of water quality. 

I have ample opportunitiesto !earn 
about the quality of my water.. 

Federal, state, and local governments 
are doing an adequate job protecting 
groundwater in my commuity. 

Poor drinking water quality has reduced 
property values in my munh'. 
Bevated NO. levels have reduced 
the value of r.nyprno..e.ct.y. 
0-inking water quality in my .C.G.Ynh' 
has decreased tn the past 1 O years 

My drinhln.g water has decreased 
in quality in the past ·10 years. 

MA'r7JJNE2008-vol .133, no. 3 

II Pgree □ Osagree [I] Don't knOV/ 

______ u. IlIIII.IJJ.l111llll.lll111lUl.lll.lJ.11l.Illll 

·
1n1 

}··•"'··7··-··--·--.., ---··· "'1 --··'"'"••·•, -·· ... ,. .• -.-1 

0% 20% 40% 60% 80% 100% 

Precent of respondents 
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Rgure 8 
"How concerned are you aboutthefof!owing water quality issues related to your 
drinking water?' 

~ very concerned [I Not very concerned 

~ S:)mevvhat concerned 

Taste, ordor, or color 

Iron or other minerals 

Contamination 1/,1th chemicals* 

Bacterial contamlnation 

Not at all concerned 

Nn:rate contamrnation
4
l=· ==~·=· =·· ~···=' ==~~~~~~~!-"-s .. 
0% 20% 40% 60% 80% 100% 

Precent of respondents 

Note: Toe sum of respondents •.vho were "verf or" somewhat" concerned was signi::::tant!y lower 
for minera!s than for other water quality issues (Oli-squared test, p < 0.01)_ 
;I- Actual surveywording1;vas"C.Ontamlnation \Nith herbicides, volatite organic compounds, or 
other chemicals_'' 

of a NO, removal system was $800 to install 
and $1 oc.1 y-1 to maintain, and average cos: 
of a nev,, ,vell was $7,200 plus the cost of a 
water softener in cases ,vhere ,vater is drawn 
:from a deep aquifer. If the NO3-N concen­
tration in an aquifer rare above 10 1ng L-1, 
the one-time average cost per Trell owner 
·would be $1,927 plus $46 y-1, based on the 
distribution ofi-e~onres to elevated NO3 in 
this ffirvey.These direct costs of groundv.ra­
ter NO~ contamination repre::ent the low 
end of total cost estimate:5: which ::liould 
also include non-use values such as the 
value of knowing a clean aquifer ,vm exist 
in the foture. Quantifjdng the co:~s can help 
jmfiiY the expenses aS:Dciated \vith protect­
ing gronnd,vater. 
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Potato Response to a Polymer-Coated Urea 
on a, Irrigated, Coarse-Textured 8:>il. 

Melissa L Wi loonj Carl J Roren,* and JJ hn F. Moncrief 

ABSTRACT 

Controlled release fertilizers~ especially polymer-coated urea (PCU), hm,e been shmvn to reduce nitrate (NO3) leaching \vhile 
maintaining potato (Sd anum tuberOSJm L:) yields, but cost has been prohibitive. A new type_ofFCU (Environmentally Smart 
Nitrogen, Agrium, Inc., Calgary~ AB) is less costly than previous PCU s, but its e! ectiveness on. potato production has not been 
extensively studied. A 2-yr Held study\-i.--asconducted on loamy sand to ev'Rluate thee! ect ofthisPCU on Russet Burbank tuber 
yield and to determine ifit is economically comparable to soluble N sources. Several N ratesofPCU applied at emergence \Vere 
compared \vith t\vo split applications of soluble Nat equiv-a.lent rates. Additional treatments examinedN application timing of 
PCU and a fertigation simulation \vith urea/ammonium nitrate.Petiolesandmidseason soil samples were collected to detennine 
N status during the season. Overall, PCU and soluble N at equivalent N rates \Vere found to h rrve similar total and grade A yields 
andnetmonetaryretums.# eoptimalN ratethatres11ltedin ma.ximumnetretumswas251 and 236kgN ha□ assolubleN and 
PCU: respecfrvely. PetioleNO3 concentrations\vere typically higher ,vith soluble Nearly in the season and higher \vith PCU 
laterin the season. Soil N03 determined-in samples collected in IateJune,;;vasfound to be a better predictor of yield and potential 
N need than those collected in mid- to late July. Overall, PCU may reduce or eliminate the need for split applications ofN on 
coarse-textured soils. 

---~"--~-- i ; L...LL_.:l_: l ; LJ __ UL..U •• Uhas been expandmg 
coarse-textured soils in Minnesota since the 1960s. 

In 2007, more than 20,000 ha of potatoes \v-ere grnvvn in 
1vfinnesota, most ohvhich \Vere produced using irriga-
tion (USDA-NASS, 2007). Potato is considered a high 
maintenance crop due to its requirement for high nutrient 
and chemical inputs (Subramanyam, 1993; Guenthner et 
al., 1999) as "''e11 as careful v.rater managen1ent. Current 
practices in 1fornesota base N fertilizer additions for potato 
on crop yield goal and previous crop. For Russet Burbank, 
a popular processing potato, farmers in Minnesota usually 
apply 276 kg harn ofN fe.tiilizer (Bruening: 1996) and sup­
plemental irrigation is s11pplied by center-pivot. On sandy 
soils, split applications ofN are recommended to reduce 
leaching (Rosen and Bierman, 2008) including the addition 
offertilizer through the irrigation system. 

The high input of nutrients for potatoes, coupled \vi.th 
irrigation, has the potential to cause high NO 1 leaching, 
especially on sandy soils. Irrigated farming ha; been linked 
to increasing NO 3 levels in drinking \Ve11s and approxi-_ 
mately n,oofvvells in rv1innesota are above the 10 mg L u1 

NO1 CN level set by the USEPA (O'Dell, 2007; Le,va:11-
dov,;ski et al.! 2008). Introduction o:f nevv; cost effective 

Univ_oflvlinnesotf\ Dep_ of SoH, Water, and Climate, 1991 Upper Buford 
Cir., St. Prn.11, ).ifN 5510 S_ Received 17 Nm~ 2008_ [Corresponding author 
(croscn C umn_edu)_ 
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or mechanical, including photocopying, recording, or 
any information storage and retrie'.'al system, 1.vithout 
permission in m-itingfrom thepublisher_ 
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fertilizer technologies into irrigated cropping sys-terns may 
help to reduce N 0--:; leaching \:\-nile sustaining productivity. 

Polymer-coated lirea is a type of controlled release fertil­
izer (CRF) that slowly releases N over time and can be 
manipulated to match theN needs of specific crops (Shaviv, 
2001). Studies on potatoes in Minnesota, Florida, ru1d 
Colorado fertilized v\ith PCU produced similar or higher 
yields as those fertilized vvith ammonium nitrate and urea at 
equivalent rates (Shoji et al.! 2001; Hutchinson et aL, 2003; 
Zvomuyaru1dRosen, 2001). Zvomuya et al. (2003) found 
that not only did PCU produce similar or higher potato 
yields than urea at equiv'"31ent rates, but it also increased N 
use efficiency and reduced NO 1 leaching.Not all types of 
PC U may be useful for potato production, hO\vever. Pack et 
aL (1006) evaluated nine types of PCU with mixed re:c,ults 
on potato yields and fertilizer N ren10v'"al efficiency. 

A m~jor concern with PCU is that until recently, its use 
was not cost efiective due to high prices v/ithout a sign ifi­
can t return in yield (Trenkel, 1997; Zvomuya ru1d Rosen, 
2001). A newtype of PCU de\'cloped by Agrium Inc., called 
Environme:n tally Smart Nitrogen (ESN), is considerably 
lm:ver in price. Initial studies on potato production in Idaho 
and Minnesota have shmv11 promising resT!.lts (Hopkins 
et al., 1008). The infiue:nceofthisnewPCU on irrigated 
potato production has not been extensively studied beyond 
its influence on tuber yield. The objectives of this study 
v:tere to: (i) determine in situ N release characteristics of 
thePCU fertilizer, (ii) characterize Russet Burbank potato 
yield and quality response to N source, rate, and time of 
application, and (iii) evaluate the economics of using PCU 
vs. soluble N as the N source. 

Abbre1i ati OOS: CRF, controlled release fertilizer; C Q cdtical value; DAP, 
daysaehplanting; PCl},polymer-coatedurea_ 
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MATERIALSAND METHODS 
□ is study was conducted for :2 yr (2006C2007) on diCerent 

Celds at the Sand Plain Research Farm in Becker, 1·1N. C e soil 
at the site is a Hubbard loamy sand (sandy,mixed, fi:igidEntic 
Hapludoll) formed in glacial ouhvash. It is excessively drained, 
,-:v-ith an available\\'ater capacity of 10 cm of,\me:per 152 cm 
of soil. C epreviouscrop in both yea.rs\vaSnonirrigated rye 
(Secale o:real L.). Reprerentative soil smnples from Oto 15 cm 
'\Vere collected in the spring before planting to test for organic 
matter, P, and C (Brov.,n, 1998), and CCI extractablen:itrate N 
(N03 CN) and ammonium N (NH4 [NJ \\'ere determined in 0 
to 60 cm samples (Table 1). A \VatchDog Mode12800 ,:veather 
station (Spectrum Technologies Inc., Plain Celd, IL) located 
on site \\'aSUsed to monitor soil temperature at the fertilizer 
band depth (approximately 30 cm belo,vthetop ofthe hill) as 
well as rainfall and air temperature. 

Before planting, 280 kgha01 ofpotassium-ma_gnesium 
sulfate and the same rate of potassium chloride \Vere broad­
cast and then incorporated by moldboard plm:,.,: At planting, 
pre,vc~ighed starter fertilizer v,'as banded 8 cm to the side and 
5 cm bel0vv the seed piece using a belt type applicator. Starter 
fertilizer consisted of pot assium-m agn esium sulfate, pot as­
sium chloride, boric acid, zinc oxide, and either super triple 
phosphate (for control plots only) or diammonium phosphate 
(for all other treatments). Total nutrient application at plant­
ing included 50 kg P haul, 186 kg □ haul, 33 kg Mg haul, 67 
kg Sham, 2 .2 kg Zn haul, 0 .6 kgB ha8 and a:n additional 45 
kgN ham for all treatments except the control. 

Russet Burbank \\'as the cultivar chosen for this study and 
is currently the mo:':>t popular cu.ltivarused for processing in 
the upper lviichvest. Cut CA.Cseed on 25 Apr. 2006 and vd10le 
IBCseed on 26 Apr. 2007 ,vere hand planted in furrows 
with 90 cm bet\\'een rn,vs and approximately 25 cm between 
seed pieces in the rmv. Each plot consisted of four, 6 m long 
rmvs, ,vith the center t\vo rowsused for harvest. Rovv-s \Vere 
mechanically hilled at plant emergence. Chemicals,v-ere 
applied as needed during the season for the control ofpesis, 
disease, and weeds according to standard practices in the 
region (Egel et al., 2006). Inigation ,vas applied uniformly 
across all treatments according to the checkbook method 
(\Vright, 2002). Total N supplied by irrigation ,vas21.3 
and 34.7 kgN haul in 2006 and2007,res-pectively. Total N 
s11pplied by rainfall \Vas approximately 8 kg N ha01 in each 
year. C ere runounts,,'erenot included in the total amount of 
applied N reported. 

T,:v"elve N treatments (Table 2) were replicated C\'etimes 
in a nmdomized complete block design. □ e two s011tces of 
N, a 90-d release PCU (ESN, 440 g N kg□) manufactured 
by Agrium Inc. and soh.1ble N, \\'ere compared across &\'era1 

Table 1. Soil properties before spring planting. 

0-15 cm 0-60 cm 
Organic 

Year pH matter Bray-P Kt NH/-Nt 
01' 
/0 -----mgkg-1-----

2006 !3..13 2A 32 
2007 !3.8 1.5 3·1 
t Edra:focl vvitr11 mol L-1 M H,pAc. 

:j::Extra:tejw!tll 2mol L-1 KCL 

898 

108 
87 

1.1 
1.3 

2.2 
1.8 

rates and timing schemes, including rates typically used by 
farmers in lv1innesota (Bruening, 1996). IJ eESN PCU ,vas 
obtained directly from the manufacturer and more informa­
tion about the ch aract eri&t ics of th is pro du ct can be found 
in Agrium, Inc. (2005). For treatments2 to 6, soluble N 
\\'as split applied at emergence/hilling and at post-hilling. 
Nitrogen \\'aS applied at emergence on 19 May 2006 and 15 
May 2007 as urea vd1ile the post-hilling application (\vhich 
occurred on 2 June 2006 and4 June 2007) was intended to 
simulate 28~·oN application: 50%urea mid 50%ammonium 
nitrate \Vas sidedresred ru.1d mechru.1ically incorporated into 
the hill. D e post-hilling application for treatment 6 vlas 
further split in to Cve applications to simulate fertigation: 
hand-applied N (urea and ammonium nitrate) v.ras v;,iatered­
in ,vith itTigation except for the O:st post-hilling application 
which \\'RS it1corporated into thehilL For treatments 7 to 10, 
PCU '\vas sidedressed at emergence mid hilled in, Prep1m1t 
applied PCU (treatment 11) was broadcast and mechanically 
incorporated to a depth of5 to 10 cm approximately 1 ,,k 
before planting andPCU \\'aSmixed in with statier fertilizer 
and applied at planting for treatment 12. 

Petiole ramples \:v,~re collected on the follmving dates: 13 
and 27 June, 11 and24 July, and 7 August in 2006; and 12 
and 25 June, 9 and 24 Ji.lly and 6 August in 2007. Twenty or 
more petioles \'\'ere collected from the fourth leaf from the 
tenninal in each plot, and were limited to the two center 
harvest rO\vs. Petioles were dried at 60 I', and then ground 
'With a Wiley mill to pass though a 2-mm $... .. 'reen. Nitrate-N 
\\'as detennined in petiole &1.mples extracted with \\'ater (0.1 g 
in 20 mL of \\'ater) using conductin1etric procedures (C arlmn 
et al., 1990). 

T,vo midseamn soil samples from thenpper 30 cm soil 
depth were collected from each plot on 19 June and 17 Ji.1ly 
:2006 and on 15 June and 18 July 2007 to determine NH4 [N 

and N 0:, rn concentrations. C ese samples consisted of Cve 
cores ae1~oss one hill (two at the base, tv,D in the middle, and 
one at the top) in the harvest rmvs. Soil san1pleswere air 
dried ru.1d then ground with a chain grinder to pass through 

Table 2. Nitrogen treatm entsfor Russet Burbank. 

Emergence 
Treatment f)EE?plc1nting PlanU~~ and hilling ~oghi!Hngt Total 

-------kg ~~,t,~1 ______ _ 
0 0 0 0 0 

N source-dianmonium ci]owhaetai gmtinq+ solutleM§aft:Er planting 
2 O 45 23 1x22 90 
3 0 45 68 1 X f.i7 180 
4 0 45 113 1 X 112 270 
5 0 45 158 1 X 157 360 
6 0 45 115 5 X 22 270 

N S:lurce-diammonium phoSJhate:t a planting+ polymEr-coaiEd urea 
7 0 45 45 0 90 
8 0 45 12',5 0 180 
9 0 45 225 0 270 

10 0 45 315 0 :360 
11 225 45 0 0 270 
12 0 45 + 225 0 0 270 

t F\Jstr1illingM applications werec?pplied ~I at once or ~)lit into five equal 
Eppli cEti ons over time. 

t 45 kg N ha-1 asdianmonium pho~hae. 

§SJlubleN = ureacpplied Et emerg:;nceaid ureaammonium nitrae (ti) applied 
a posthilling 
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a 2-mm screen. Inorganic N \vaS extracted v..rith a 5:1 ratio of 
2 molL 01 CCl to air-dry roil and then Otered.Nitrate-N and 
NH4 [},.I ,,,,,ere determined in soil extracts using conductimet­
ric procedures (Carlson et al., 1990). 

Release rate ofN from PCU vvas determined by burying 
3 g of the fertilizer in sealed plastic mesh containers for the 
three different application timings. Three replications of 
10 bags were buried at planting to the depth of the fertil­
izer band, and approximately 5 to 8 cm belowthe surface 
of the hill at plant emergence. For the preplant treatment, 
mesh bagsvvere buried 5 to 8 cm in the field on the day 
offertilizer application, and then transferred to 5 to 8 
cm belovvthe surface of the hill after planting. The mesh 
bags \Vere retrieved periodically throughout the season, 
placed in a paper bag and air dried. The fertilizer prills 
were removed from mesh bags by hand, separated from the 
soil and ,,:-eighed 011 a scale. The amount ohvcight lossvvas 
assumed to be equivalent to the amount ofN released. This 
method vvas shown in a previous study to be comparable to 
direct measmement ofN 111 the prills (\Vilson et al., 2009). 
Percent ofN release (%NR) as a function of time (days after 
planting) was determined by regression. 

Cinesvvei·emechanically killed on 19 Septen1ber in both 
years, and tubers vv-ere mach :ine harvested from the cen tei· 
two rn,,;,,s of e.ach plot approximately 1 \vk latei·. Tubers were 
sorted into \Veight classes for total and graded yield. Grade 
A.yield \Vas determined by subtracting undersized (013 g) 
tuber yields from the total yield. Tiventy-Cvc representative 
tubersvvere chosen from each plot to measure incidence of 
ho110\-vheart (expressed asa percentage of the entire plot) and 
speciC:C 5'1.·avitybythe\.veight in air/'\v-eight in V<latermethod 
(Dean, 1994). 

An economic analysis was con ducted to comp are 11 et 
monetaryretums of each N treatment. Prices, incentives, and 
penalties \Vere based on a typical potato groVii11l g con tract 
between grov,,,er and a food company in Minnesota. CJ ebase 
price for grade A tubers(D.13 g) was CIL056 per kg, and 
tubers C113 g received a price of C0.013 pei· kg. lncentiv-es 
or penalties ,vere based on speci Cc gnrvity and the percent 
oftotal tuber yield Cl 70 g. For sµeciC.Cgravity belo,v 1.076 
the basepricevvmreduced, and between 1.080 and 1.090 the 
base price was :incre.ased. Incentives were granted ,,1ien 55% 
or more of the total tuber yield \'.Vas above 170 g, although the 
incentive decreased aCer 68%)\\'aS above 170 g. Penaltieswere 
deducted ,-:v11et1 53%)ofthetubet·yieldwasbelow170 g.Net 
monetary return was calculated based on gross value of the 
potato crop m inns the cost of the fertilizei· and its application 
cost. Urea,vaspriced at 0.34 pei· kg N,PCU at 0.54 pei· kg 
N, vvhileurea/ammonium nitrntefor thefertigation simula­
tion vvas □.45 pei· kg N. Application costs were estimated 
by an agronomist with a local grov;,-er. At emei·gence and 
sidedres:;, application cost for urea was approximately c:44 pet· 
hectare, thePCU cost at preplant and emergence ,vas 712 per 
hectare, vA1ilethetotal cost of the Cvefertigation treatments 
,,as 39 per hectare. C e cost of applyingPCU at plant-
ing vvas assumed to be CD s111 ce it ,,as simply m L-:.ed in 'With 

starter fertilizer. 
Data ii-om the study were analyzed using PROC MI CED 

(SAS Institute, 2004) .. vith replications and years considered 
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as random ·variables.DiCei·encesamongtreatments in years 
(the year -,treatment interaction), \Vere assessed byyear-spe­

ciC:C inference using best linear unbiased predictors (BLU Ps) 
as described by Littell et al (2006). For petioles, years wet-e 
analyzed Separately for each sampling date. Treatment means 
were compared using the least-square means (SAS Institute, 
2004). For evaluatingPCU 1-eleaserate charactei·istics, as well 
asPCU eO:ctson totalandgradeAyields,and the economic 
analysis, regression models '":-ere D: for each treatment or N 
source and analyzed in PROC 1.fl CED, vv11ile Cnal regres­
sion equations '\vcre estimated byPROC REG (SAS Institute, 
2004). 

Soil inorganic N was related to tuber yield to detennine 
the use of roil N tests as a predictor of potential in-searon 
N needs by potato. Tuber yields v:,oere expressed asrelafr,,c 
yields to standardize the relationship bet'vveen years and Vv'el·e 
calculated as the ratio behveen yield and the maximum yield 
ofeach corresponding year.PROC NLIM ,vas used to detei-­
mine the quadratic plateau model that related total inorganic 

N (NH/:N □NO 3 CN'), NH 4 CN and NO/::N to total and 
grade A yields (SAS Institute, 2004). □ is method does not 
calculate R2 values, so the following equation \\'aS used: 

R2 C(CTSS CSSE)/CTSS 

whereR2 isthefraction ofthev-ariation in the dependent 
variable as explained bythemodel, CTSS is the con-ected total 
sums of &J_uares, and SSE is the sums of squares of the error 
found in thePROC NLTIVf output (Robbins et al, 2006). 

RESULTS AND DISCU SS!ON 

Weather 
Mean ten1perature and rainfall for the 2006 and 2007 

gi·o\.v1n g se.aron s (April through Sept em bet) are com pared 
\\rith 3 0 yr m:-erages for Becker, rvIN in Table 3. C e 52 cm of 
tot al rain fall in 200 6 ,vas supplemented by 3 9 cm of irriga­
tion for a total of94 cm of water. In 2007, approximately 48 
cm of irrigation ,vas applied in addition to 45 cm ofrainfall 
for a total of 103 cm of vv-ater over the gro,ving season. 0 ver­
all, 2006 and 2007 were,varmer and driei· than the average 
grov,,1ngseason.Aprecipitation deO:it of 3.3 and 9.8 cm 
occurred in 2006 and 2007, respecth-ely, although the crop 
received approximately 9 cm ofadditional irrigation Yvatei· 
in 2007 compared with 2006. Highei· irrigation amounts 
used in 2007 were intended to ensTll"e that some leaching 
occurred and to minimize misshapen tubei·s, which can occur 

2009 

Table 3_ Mean monthly rainfa!I and air temperature data for 
2006 and 2007 growing seasons and the 30-yr mean, 

Rainfall Temperature 

30-11r 30-yr 
Month 2006 2007 meant 2006 2007 meant 

QTI "C 
April 9A 3,9 6,0 10,5 6.7 72 
Mc¥ 10-8 7_5 82 14-3 16-4 14,5 
Jme 4-9 32 1t3 19-6 21.0 18,9 
Jily 4.5 4,9 105 243 22,,9 21,5 
Aug.i1 9_1 13.0 11.8 19] 20_8 20,1 
Eepternber 13.0 12.8 7,4 13,€3 16,9 14,9 
t Averags for tl1e 30-yr period from 't97i to 2000. 
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Preplant PCU 
y = -0.005x2 + 1 .4x + 4.3 r2= 0.96 

--- Planting PCU 
y;;;; ~0.007x2 + ·1 ,7x 7.3 0.94 
........ Emergence PCU 

y = -0.008x2 + 2.0x ~ 37.8 r2:::: 0.95 

. 
) ~ 2 
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150 200 

Flg. 1. Percentage of N release from polymer-coated urea 
(PCU) incubated in the potato hill as a function oft he number 
of days after planting (OAP). Means are presented with 
standard error bars. 

,vith \vater stress (S110ck et al., 2007). In 2006, the average 
temperature over the gro,v:i:n g season ,vas O, 8 T above average 
a:nd it ,,ras 1.3 I' abo"v"e average in 2007. 

·12 Jui1e 2007 25 June 2.007 9 July 2007 
2.5 •·~----~ ·~-----~----~ 

~ 2.0 

:if,_ ·1 5 · 0 . 

:i; 1.0 
0 
~i; (t5 
(.l. 

Vegetative 
Stage 

Tuber Bulking 
Stage 

Nitrogen Release Rate from 
Polymer-Coated Urea 

Ouadratic models eCectively described PC U N release char­
acterfr,ticS \\11e11 data \'\>ere pooled over the2-1r study (Fig. 1). 
Each timing treatment ,vas found to have a separate quadratic 
model acer an analysis ofregression detennined that slopes 
and inte:rcepts\v"eresigniCcanttr diCerent (P 00.05). Intercepts 
diCered due to the timing of application; planting and preplant 
PCU ,;,.ere applied approximately a vveek apmi, v,hile emer­
gencePCU ·was applied about 3 v.k aCer planting. Emergence 
applied PCU had the steepest slope, which indicates a quicker 
release pattern, and PCU applied at preplm1t had thelo ... ,;est 
slope. When soilmoistureisnot limiting, therelem;erate ofN 
from PCU is mainly determined by soil temperatme (Sa:lman 
et aL, 1989; Gandeza et aL, 1991). 0 erefore the diCerence in 
slopes may be due towmmer temperatures during the initial N 
release from emergence applied PCU. 0 e equations indicate 
that 90~1oofN had released by 93, 86, and 104 d aCerplant­
ing (DAP) for preplant, planting and emergence applied 
PC U, respectively. Approximately 100 ~fofN from PC U 
Vi-'3.Sreleased by 110 and 125 daCerplantingforprepla:nt and 
planting applied PC U, ,:v11 ile PC U applied at emergence had 
released more than 95~1oofN byvine harvest at 147 D~i\P. 

C e release rate of a:ny controlled release fertilizer (CRF) 
must be matched \vith crop uptake to optimize N useeC­
ciency, but some CRFshave been found toreleaseN past the 
gmwing season (Cox and Addiocott, 1976; Zvomuya et al., 
2003).Pack (2004) tested severalPCU s,vith thepotentialto 
match potato N uptake mid found mixed resTilts; some PCU s 

had released more than 80%> by 100 DAP, \\11ile others had 
only released 60%. For PCU in this study, more th an 9 0%of 

24 July 2007 6 August :2007 

Maturation 
Stage 

the N had been relea:~ by 100 
D~i\P regm·dless of application 
timing, an cl suggests it is a good 
match for N uptake oflong season 
crops such as Russet Burba:nk 
potato m1der I'v1idwest U .S, 
c-onditions. 

Petiole Nit rate 
Concentrations 

In both years, petiole NO 3 c:N' 
con ce:t1 trat ions gen er ally 
decreased as the season progressed 
and i:n creased as N rate in creased 
regm·dlessofN source (Fig. 2), 
IJ eaddition ofN signietm1tly 
in creased petiole NO :~ [N' con -
centrations on the uit sampling 
date during both yem·s, and on 
the second date in 2006. On 

Optimal petiole N01-N level --i:~ Soluble N • split nt E anct PH ---tr- Soluble N • E and 5)(PH 
... ♦·· 0 N Control . "'Y , Emergence PCU · II · Preplnnt PCU 

the renrnining sampling dates in 
2006,petioleN03 I:N' concentra­
tionsfor :solubleN treatments at 
180 kgN ha0 or less were not 
signiCcantlydi[erent fron1 theO 
N control, while only the lowest 
rnteofPCU sho\ved thispattem. 
In 2007, this same pattern had 

270" N timing treatments ·--0- Phmtlng PCU 

Fig. 2. Petiole nitrate con cent rat ions over five sam piing dates in 200f3 and 2007 as affected by 
N rate, source, and timing. The two N sources included soluble N split applied at emergence 
(E) and post hilling (PH) and polymer-coated urea (PGU) applied in a single application at 
preplant, planting or emergence. Means are presented with standard error bars. 
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developed by the second sampling date, but 011 the last date 
only 360 kg N ha□ of soluble N resulted in signiIJ::antly higher 
petiole NO 3 =:N than the control, \\'nileboth PCU at 270 and 
360 kgN ha0 ,~ere signiCbmtly higher than the control. 

On some dates, timing ofN application signi Ccantly aCected 
petiole NO3 =:N concentrations, particularly e.arly and late in 
the season.During both years, t21ehighest petioleNO/:N 
concentrations for 270 kg N haul asPCU 011 the Crst date,vere 
found ,vith the preplant PCU tre.atment, follo,ved by planting 
PCU and the 10\:vest ,vas \vi.th en1ergence PCU (all signi Ccant1y 
diCerent, P C0.05). In 2006! all petiole NO-; CN concentra­
tionsvvere approximately the same on the las't sampling dates, 
but in 2007~ preplant PCU resTilted in signi Ccantly lo,v"el· 
petiole NO 3 =::N than PCU applied at plan ting or emergence 
from the third sampling date through the rest of the season. In 
both year~ PCU applied at phmtingresulted in signiCcantly 
higherpetioleNO3 [N than PCU at emergence only on the 
[ht sampling dates. During 2006, six splits (E and 5xPH) and 
t\vo splits (E and PH) of solubleN resulted in similar petiole 
NO 1CN concentrations, except on thefomih sampling date 
in late Ju lv ,v·here si211i Ccantlv hi~her NO.., CN concentrations ., ,_.- ., ._,. ,.:,: 

,v-ere found \v1th si't splits of soluble N. C e fourth petiole sam­
pling date occurred 10 d aCerthelast N application of the six 
split treatment. In 2007, the six split soluble N treatment ty11i­
callyresulted in higher petioleN 0-~ [N concentration slater in 
the season than the two split solubf~ N treatment. Although 
these diCerenceS\\'erenot si_gnietant, petioleNO3 [N \vi.th six 
splits of soluble N ,vas signiCtantlyhigherthan the control on 
the la..-;t sampling datevd1ile petioleNO3 CN ,vith the t,vo split 
soluble N treatment wasnoL 

Contrasts \\e-ereused to compare N sources across equivalent 
rates (treatments 2, 3, 4, and 5 vs. 7, 8, 9, and 10). Overall, 
soluble N treatmentsresulted in signiC::Cantly higher petiole 
NO 1CN concentrationsforthe [isttwo sampling dates, \vhile 
PCU resulted in signiCcantlyhigher concentrationsforthe 
ran ain ing dates, displaying its slo,v N release characteristics. 
□ eseresTi.lts diCer from a study in Florida \:Yherethe authors 
reported no dic:erences in petiole S.."tp NO ; CN \Vith several 
typesofPCU and ammonium nitrateth1~ughout the Season 
(Pack et al., 2006). Onlyhvo N rntes \.-Vere tested, hov,'ev"el', and 
that study\va.sonlycondnded ov"el· 1 yT. 

Petiole NO1 [N concentration is a \\1dely accepted method 
to determinepotatopiant N statusduringthegrowingseason 
(Porter and Sisson, 1991; Belanger et al., 2003; Rodrigues, 
2004).Rosen and Eliason (2005) have listed optimal ranges for 
petiole NO3 =::N concentration sin the Upper Midv,,--est depend­
ing on the growth stage of the potato plant and are highlighted 
in gray in Fig. 2. □ eprep1ant PCU treatment resulted in 
excessive petiole NO 3 CN levels early on in both years, and 
then fell to deIJ::ient levels for the remainder ofthe season. 
Petiole NOi rn ,vith planting PCU and both N sources at 
360 kgN h~P ,~e:re\v:ithin orabo\'e optimallevelsfor the 
entire season in 2006.PetioleNO 3CN ,vith emergencePCU 
at 270 kg N ha0 ,vas a1ffi within or slizhtlv belO\vthe NO . ., [N 

~ ._,. ., -\ 

concentration range during the tuber bulking and matuniion 
stages (rampling dates 2 In 2007, petiole NO3 [N ,vith the 
planting PCU treatment ,vas only de::::Cient on the last date, 
while 360 kgN ha□l of ooluble N treatment resulted in petiole 
NO 3CN conce:ntrationsremainingv.rithin thesT1IJciencyrange 
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on the [ist three dates \vhilethe equivalent rate ofPCU was 
within range on the lastthree dates. C is again illustrates the 
slO\vreleasenatureofN \Vith PCU. Other treatments occa­
sionallywere,vithin the petiole NO 3 [N su Cciency range, but 
never formorethan two rampling dates in the season. Tradi­
tionally,petioleNO1 CN concentrationsbelo\vthe optimal 
limit \\tmld trigger ~ addition al application ofN. Due to the 
slowreleasenatureofN with PCU, howev"el·,petioleNO ;I:N 
concentrations are oCen within the su Cciencyrangesat fhe 
end of the season, and additionalN \vould most likely be 
unnecessary. 

Midseason Soil Inorganic Nitrogen 

Soil NO3 tests during the grov.iing season hm'e successfi11ly 
been used in com topredictthenutritionalneedsofthecrop 
gro\v11 on ,1.1rioussoil types(Fox et al., 1989; Meisinger et 
al., 1992; A.ndraski and Bundy, 2002), but ie\v"el· studies have 
been conducted on potato. Total inorganicN, NH4 CN, and 
NO3 CN ,._vererelated totota1 and grade A yields for each N 
source in June and July of the potato season by a quadratic 
plateau model (Fig. 3). IJ e critical value (C isdeCned as 
the point on a curve that relates the soil N to the yield; below 
or above th is point there is a high probability that the crop 
responds (belo\\J or not (above) to suwlementary applications 
ofN (Rodrigues,2004). □ ispoint 011 aquadraticplateau 
mode1 is,v11ere the quadratic line intersects the linear line. 
Treatment 6, or six 3t--,plications of soluble N, \v'as ra.noved 
from the ana~rsis became not all N had been applied by either 
June or July sampling dates. 

In June, the soil component that best modeled theC C 
,vas NO 3 I:N for both total and grade A yields as seen by the 
highest R2 valuesforboth rolubleN andPCU. IJ eR2values 
w"el·e generally higher for soluble N than PCU. 0 e quadratic 
plateau model poorly □ NH4 CN and total N data for both N 
sources. All R2 ,:alues 'Were belO\v0.06 for the July soil sampl~ 
or the modelcould not be ca1culated for the data presented. 
Typically under Iv1idwest conditions, Russet Burbank potato 
haso:n1y accumulated 50%ofitstotal N uptake by mid-June 
(approximately 53 DAP) ,vhile in mid-July (approximate~r 83 
DAP), the crop has taken up more than 90~-;ofN (Z ebarth 
and Rosen, 2007). 0 is suggests that soil nitrate or an1mo­
nium tests in mid-July \\Duld not provide accurate estimates of 
potato N needs since most oftheN hasakeadybeen taken up 
bythecrop. 

2009 

Belanger et al. (2001) and Rodrigues (2004) also found that 
soi1NO3 [N ,-:v11sthe best method for potato, and that the 
inclusion ofNH 4 LN did not improve the test.Meisu1ger et al. 
(1992), hO\vever, found that the addition of soil NH4 CN was 
advantageous to determining the C IJ for corn yields and sug­
gested that it more accurately represented the total m.tailability 
ofN to thecrop. IJ eresu1tspresented :in Belanger et al. (2001) 
and in the current study \V'ere based on dry soil samples, w11ile 
Celd moist ooil samples v.1ereused in Rodrigues (2004). C e 
comparable res11lts behveen studies suggest that this test vviH be 
accurateregardlessofthe method used for soil sampling. 

eNO1 [NC Cin Junefor solubleN was higher than 
that for PCU for both grade A and total yields. At equivalent 
N rates, soil NO 1 CN in June was higher vvith roluble N than 
PCU (Table 4) ~dreCects the slowN release characteristics 
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June 
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R.2=0.20 Rl=0.04 R~=0.03 Rl=0.07 
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ta 
-so!ubleN 
Rz=0.43 
CV= 9,3 

June 

.... PCU 
R~0,18 
CV;;:;5.2 

theNOiJN concentration for 
the six split soluble N treatment 
(10.5 mg kgrn) i,,vas less than the 
critical C IJ for ~rade A vields 
( 11.3 mg kgrn) ~ ggesti1; g th at 
additional N v\'3.S needed. 

0.0-+---------+---l-l---+---!---.-----+--+--4---+----!---1 
Belanger et al. (2001) rec­

ommended a C □ ofSO mg 
1.0 . June 

0 

<t: 0.8 

June 
N03 CN kg□ soil behveen 37 and 
42 DAP for grade A Russet Bur­
bank and Shepody potato yields ~0.6 

~ 
(.; 0.4 ~ 

-Soluble N • ... PCU ... ,pcu H••PCU 
in Atlantic Canada. □ is level is 
much higher than levels suggested 
in the current study for 50 to 55 
DA.P(1L3 and6.0mgN03rn 
kg□ soil for solubleN and PCU, 
respectively), and may be due to 
several factors. In Belanger et 
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al. (2001), potatoes \Vere fertil­
ized only at planting and the soil 
samples ,vere taken earlier in the 
season v,11 en there vvas less N 
uptake by the crop. □ at sh1dyvi:°as 
also conducted on a [her-textured 
soil \vhere soilN0 1 v&1slesslike1y 
to be leached or difuted. Rodri­
gues(2004)provided amodelfor 
continuous C Cs during the grmv­
ing season and the proposed CC 
for the time that corresponded 
,,11th our samplingdates,vas 15.3 
mg N01 CN kg01 soil. □ is value 
is s-imil~r to the C □presented in 
the cur:ren t study, and may be due 
to similar soil conditions(coarse­
textured soils). □ e slightly higher 
C q hovve·ver, may be due to dif­
ferences :in N application timing 
and climatic conditions. Potatoes 
in that study vv:ere fertilized with 
split N applications at preplant 
and emergence and v,rere gro\'.\11 

under :rviediter:ran ean con di-

" Soluble N ~ E and 5xPH 
(excluded from analysis) 

Non-est Model was non-estimatable 

Fig. 3. The relatronship between soil inorganic N in the top 30 cm and relative yield over 
2 yr as described by a quadratic plateau mode!. Thet\ivo N sources included soluble N and 
polymer-coated urea ( PCU ). The treatment in which soluble N was split appti:ed six times [at 
emergence (E) and five tim esat post-hilling (SxPH}] was not included in this analysts sf nee all N 
appficationshad not occurred before the soil sampling dates. 

of the PCU. 0 is demonstrates that N sonrcemust be taken 
into consideration vv11en using a soil N test. Both N sources 
had higher C Cs for grade A tuber yields than for total yields. 
Because grade A yield is total yield minus small tubers (013 
g), the higherC □ for grade A yield :indicates that higher soil 
N03 CN' levels are needed to produce larger tubers. In addition, 

Table 4. Effect of year on Russet Burbank yields, tuber quality, 
and soil inorganic N (0-30 cm). 

Year 

200f3 
2007 

H arves: 

Totaf. GradeA Tubers in total 
yield yield yield >170 g 
· -,Mgha-L % 

71.6 bt 56.3 b 51,g b 
77.5a 66.9a fi3.7 a 

Quality 

Specific Hollow 
gravity heart 

% 
1.083 a 5.9 a 
1.075b 7.1 a 

t Means follow eel by tr,e sa11eletter a-enof sig-li£ica-,Hy different (P> 0,05). 
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tions. 0 e diCerences behveen 
the three studies suggest that C Csmaywu:y over roil type, 
fertilizer m mmgement practices and dim atic patterns and that 
it is important to determine C Cs for the growing conditions in 
local potato production areas. 

Tuber Yield and Size 

Whilethere,'-"elcno signiD::ant interactions between year 
m1d N treatment, there\vas a signiO::ant eCect of year on tuber 
yields.Higher total and grade Ayields\,"el'eproduced in 2007 
thm1 in 2006, and the percentage oftubers 070 gv,as also 
higher in 2007, even in the controls (Table4 ). 0 is suggests 
that the yield diCerence behvcen yearsvvasprobably due to 
Vi-'eather conditions that allov,,ed the greater bulk:ing of tubers. 
In 2007, irrigation \\'aS used more o Ce:n due to lm,."el· precipi­
tation and higher ten1perahues. Ivfore frequently scheduled 
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irrigation allo\v'S for less variability in soil 
moisture, vvhich is important for h1ber bulking. 
Several studies hav-e slmw11 that more frequent 
irrigations increase large tuber yield (Sa=: gna et 
al., 1977; Alva et aL, 2002). 

Nitrogen treatmentssigni Ccantly aCected 
total and grade A yields (Fig. 4). In both cases, 

0 90 180 270 300 270' 

""'•'"'* o N Control 
- Soluble N - E and PH 
i==I Emergence PCU 
,.,,,,,,,,. Soluble N • E and 5xPH 
c:z:z:zl Prnpf,mt PCU 
~ Planting PCU 
- Yi~ld response to soluble N 
y"" 57 .1 + 0.1Sx • 0.00037x2 r~"' 0.93 
---· Yield response to PCU 
y = 57 .0 + 0.22x . 0.00047x' ri ~ 0.95 

........ ON Control 
iiiiiliiiiiiili Soluble N - E and PH 

$~ c:::::::1 Emergence PCU 

I 
r,,,,.,. SoJuble N • E and SxPH 
IZ%%J Preplant PCU = Planting PCU 

-. - .. Yield response to s~.lub!e .. N 
y"' 42.1 + 0.18x -0.0003Sx- r' = 0.9& 
......... Yield response to PCU 
y..: 42.7 + 0.21:x:. 0.00043x" r~ = 0.97 

-·.......,__..._._,_, ___ _,.,:. --> 

0 90 180 270 360 270' 

N Rate (kg ha"1
) 

the addition ofN resulted in signiLcantlyhigher 
tuber yields than the ON control,but diCer­
encesbetw-een N sources at equi-valent N rates 
,:vere in sign i C:Can t. □ ere V\-ere also 11 o di Ceren ces 
in gradeA and totalyieldsdueto varying the 
application timing ofN. In the past, controlled 
release fertilizers have performed poorly com­
pared vv1th soluble N sources(Leigel and \Valsh, 
1976; Waddell et al., 1999) due to unpredictable 
release patterns. By coating urea vvi.th a polymer, 
manufacturers have greater Cexibility in designing 
PCU s \vith releaserntes that match theuptake of 
speci Cc crops (Trenkel, 1997). Our G1dings and 
other recent 1-eportshave found that ceiiain PCUs 
can produce similar or greater yields than soluble 
Nat equivalent rates(Shoji et al., 2001; Hutchin­
son et al, 2003; Zvomuyaet al., 2003; Hopkins et 
al.,2008). 

Fig_ 4. Response of (a) tot a! and (b) grade A tuber yields as affected by N 
rate, tr ming, and source_ In each graph, yreldswith t hesam e letters me not 
significantly different (P > 0.05)_ The two N sources included soluble N split 
applied at emergence (E) and posthilllng {PH) and polymer-coated urea 
(PCU) applied in a single application at preptant, planting, or emergence_ The 
270"' refers to N' timing treatments_ 

Regression equationsv,c:reused to determine total and grade 
A yield 1-esponseto N rate (Fig. 4). □ is analysis excluded N 
tin1ing treatments 6, 11, and 12 dueto the lack of comparable 
treatments v,ith both N sources. :Cuadratic equations were 
found to model the response, \vhich implies that exces;ive N 
caused a decline in tuber yields. Belanger et al. (2000) also 
found that quadrnticmodels\v-ere best suited to model potato 
yield response to N feitilization. Slopes and interceptsvvei·e 
not signietantly di[erent behveen N sources for eithei· total 
or gradeAyields. u e equations indicate that ma'\.imum total 
yieldsoccurredat234kgNhaL11 ofPCU and239kgN ha3 of 
soluble N, respectively. For maximum grade A yields, hm\ever, 
244and266kgN haC1 ofPCU andsolubleNw"ereneeded, 
respectively. C is suggests that slightly reduced N rates\vith 
PCU can produce maximum grade A yields compared vvith 
soluble N, but since the regression lines for each N source 
are not s-ignictantly diCerent, optimal N rates for the h\D N 
sources cannot be assumed di C::erent. 

C eprop01ii011 oftubersabm-e 170 gv,,assi5rt1iCcantly 
aCected byN treatment (data not shov;m). A • .11 increase in 
N ratetypicallyincrea_<,ed thepercentageoftubers 070 g, 
although diC::erences bet\:veen N rates were not alv,'ays sig­
niCcant. 0 is size class is of economic impo1ta11cebecause 
growers recei\--e incentives or are deducted penalties based on 
the percentage oftubei-sin this category. At equivalent N rates, 
diC::ere:nces\verenot found between N sources. In other studies, 
ho,\ever,PCU \Vasreported to incre,asetheproportion oflarge 
tubers compared vvi.th rolubleN (Z-vomuyaandRosen, 2001; 
Zvomuyaet aL,2003). 

Tuber Quality 

□ e incidence ofhollow heart \\'as signi G:antly a=ected byN 
treatment (P 00.05) (Table 5) but thet"eV,'as110 signiC:Cant eCect 
of year or an interaction bet\\eetl year and N treatment.= e 
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addition ofN s-igniilimtlyincreased thepei·centage of tubers 
aC::ected by hollow heart over the ON control. Soluble N applied 
six tin1esresultedin thehighest incidenceofthisdefonnity, 
but it was only sig:niO::antly higher than two split applications 
of solubieN at the lo\'\cst N rate(90 kgN ha0 ) and en1ergence 
PCT at 270 kgN ha0 .Hollovvheart typicallyaCectslarger 
tubei-s (Beattie, 1989), and the addition ofN genei-ally increased 
theprop01iion oftubei-sabnve 170 g.ZvonmyaandRosen 
(2001) found that hollmvhemi \,,as not signiG:antbr aC::ected by 
N rate, but a ON c011trol was not used in their study. 

A signiO:ant di[ei·ence behveen yem·swasfound for speciu: 
gravity (P C0.05) (Table 4). Nitrogen treatments did not 
signiC:Cm1tly a Ced speciD:: gravity, indicating that factors 

Table 5_ Incidence of hollow heart as affected by N rate, 
source, and timing_ Nitrogen sources lndude soluble N and 
polymer -coated urea {PCU} _ 

2009 

Treatment N N Timing Hollovv 
no_ source ratet PP, P, E, PHt heart§ 

07 
/0 

1 none 0 0,0,0,0 0.8d 
2 s:ilubfeN 90 0, 45,23,22 2-4 eel 
,:, 
J s:JlubleN 180 0,45,68,67 nro 
4 s:Jluble N 270 0, 45, 113, 112 7-6 3) 

5 s:Jluble N :360 0, 45, 1E18, 157 9_2 ro 
6 s:J[uble N 270 0, 45, 115, 5x22 10.1 a 
7 FCU 90 0, 45,45,0 6_5ax 
8 FCU 180 0,45, 135,0 6,4 roe 
9 FCU 270 0, 45,225,0 4-8bcd 

10 FCU :360 0, 45, :315, 0 8A ro 
11 FCU 270 225,45,0,0 6,8 roe 
12 FCU 270 0,270,0,0 T6ab 

t N raeisin kg M ha-1; 45 r::g ha-1 of N at plaiting is rrom dia11monium phos­
pnae_ 
:j: FP, PE_ FH = preplmting planting. emerg:;nce a1d hilling, aid posthl!ling. 
respect ivel y_ 

§ ivlems followed by tt1e S::lme letter ere not slg-1i:ficmtly different (P > 0_05) 

903 



10000 

.;::-- 8000 
'to 
..c 
!ft: 6000 . 
u, 
t: .... 
:, -- 4000 (l.} cc ..... 
fl) 

2000 2 

0 

111,. .... ;t o N Control 
- Soluble N "E and PH 
c;;::::;::1 Emergence PCU 
~ ...... ,,. Soluble N - E and 5xPH 
e::zz::t Preplant PCU 
e:~~7-'?J Planting PCU 
- Quadratic response to soluble N 

y = 4660.8 + 3OAx ~ O.O6x2 r2
:::: 0.99 

.... - .... ~ Quadtratic respons~ to')PCU 
y = 4795,0 + 32.3x - 0,07x2 r~ = 0,97 

1)- . ~~ ;§',s;, ':0:§)-.9 ~ --~ r.. ... 

'¢;§> "" 
,,- ,.. -....· ~ !'ii -'ti 

~· • ',I 

~ , 
',I ,. 
J 

I ',I 

J 
(J ',I 

" ►."' ; , 
J 

~ ' I ,, 
~ ; 
~ ,, 
~ I 
~ ,I 

~ ; 
~ ,I 
~ 

0 90 180 270 360 270~ 

N Rate (kg ha~1) 

Fig. 5. Effect of N rate, timing, and source on net return of 
irrigated Russet Burbank potato. Mean returns with the same 
letter are not significantly clffferent (P > 0.05). The two N 
sources included soluble N sp!it applied at emergence (E) and 
posthiHing (PH) and polymer-coated urea (PCU) apptied in 
a single application at preplant, planting, or emergence. The 
270-" refersto N timing treatments. 

di=:ering beh\'een years, s11ch as temperature or ir:rigation,may 
1rnve played a role in producing tubers ,vith a lm:ver speciCc 
gravity in 2007. □ isis contrary to the Chdi:ngs ofBelanger et 
al (2002) v,'110 reported that speciCc grnvityvr'as a=ected byN 
fertilization and not irrigation. Se·veral other studieshO\vever! 
have sh ovm a reduction in sped Cc gravity can be caused by 
higher temperatmes ( Can den Berg et al, 1990) or increased 
irrigation (Porter et al.! 1999; Ci1ru1 et al., 2003), both of v,hich 
occuned in 2007 rompru:ed ,:t..:ith 2006. C erevvasnot asigni.G­
cant interaction bet,wet1 yearsandN treatments. 

Economic Analysis 

A simple economic analysis '\Vas determined for each treat­
ment and year to compare monetary returns from potatoes fer­
tilized ,vith PCU vv-ith those fertilized \vith soluble N. 0 verall, 
N treatmentssigniCcru1tlyaGcted net returns (Fig. 5), but the 
interaction bet\veen year ru1d N treatment ,vere nonsigniCcant. 
Response curves to N rate v\'et·e also determined for each N 
source, but this analysisexcludedN timing treatments (6, 11, 
and 12) ,,hich did not have equivalent treatments for both N 
sources. As expected, sig:niIJ:::antly higher net :returns occun:ed 
\-\1th the addition ofN over theO N controt and therev,:ereno 
signiC:Cant dir::l:;rmcesin retumsbehveen solubleN andPCU 
at equivalent N rates, :including N timing treatments. 0 is 
SL1ggeststhat the11se of PCU could reduce or eliminate the 
need fo:rfertigation.Retumsvvere sig11iCcru1tly higher in 2007 
(CB135 ha□ compared ,vith [7098 ham in 2006), due to higher 
yields and more h1bers above 170 g. 

0 e e[ect ofN rate on net returns u a quadratic modeL 
No di Ceren ces between slopes or intercepts were found due 
to N source. It is :imp01iru1t tonotethat an increase in N over 
the optimum rate generally decreased net returns. Based on 
quadraticmodels, thema-::.inmm netretum \v"RS at 251 and236 
kgN ha01 forsolubleN andPCU,respectively. □ eseoptinrnl 
rates di Cer from those calculated from total and grade A yields, 
because the calculation of net return takes:into account total 
ru1d grade A yields, as well as tuber quality. 0 istechniquemay 
be a better predictor of optimalN rate than total or grade A 
yields alone, but could change as :incentives for tuber size and 
quality change. 0 ese N rat es are slightly belo,v the traditional 
N rates(C270 kgN ha01)recommended in :tv1innesota(Bruen­
ing, 1996), which may in part be due to relatively lmvleaching 
ev'e!lts in the currei1 t ::,tudy. 

CONCLUSIONS 

0 is2-yr ::,tudyhasshovv11 that tota1andgradeApotato 
yields with the PCU evuluated \\ere similar to those\,ith split 
applications of soluble N, even though ,veather condit:ions,vere 
hotter ru1d drier thru1 average. Based 011 fertilizer prices ru1d 
application cost~ we hm:-e also found that the net returns v,-i.th 
PCU werecomparable,vith those for soh1bleN, and that PCU 
may reduce or elirninatetheneed forfertigation and associ­
ated management costs. Traditionally, PCU ,vas at least four 
times the cost of basic soluble N (Trenkel, 1997)! and e:ven vv:ith 
in creases in yields, PCU use ,vas not considered an economical 
option (Zvomuyaru1dRosen,2001).Mo::,t economic analyses, 
including our 0\¾11, do not take into consideration environmen­
tal costs. \Vith the potential ofPCU toreduceN03 1eaching 
compared with so1ubleN (\Vi1son, 2008) alongv,rith the need 
for only one application, this particular brand ofPCU maybe 
more attractive to potato g:rov,:ers than traditional fertilizers. 
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Kidney bean (Phaseolus vulgaris L.) production on an irrigated, coarse-textured soil in 
response to polymer coated urea and tillage: I. Grain yields, disease severity, and a simple 

economic analysis 

MelissaL. Wilson1, John F. Moncrief 1·2, and Carl J. Rosen1 

ABSTRACT 

Kidney beans (Phaseolus vulgaris L.) in l\1innesota are commonly grown on irrigated, coarse-textured 
soils that are susceptible to nitrate leaching. A dense Bt layer that is present in these soils restricts root 
gro,vth and may increase severity of Fusarium root rot Anecdotal evidence from local growers suggests 
that breaking up the Bt layer reduces the impact of root rot. This study ,vas conducted to assess different 
tillage depths and the use of polymer coated urea (PCU, Agrium U.S. Inc. and \VSPCU, Specialty 
Fertilizer Products) on grain yields, net monetary returns and disease severity. The study,vas conducted 
over three years as a split plot design. "\\7hole plots were deep and shallmv tillage (chisel plow~ed to an 
average of 47 and29 cm, respectively)while N treatments were subplots. Three rates ofPCU applied at 
emergence were compared ,vith equivalent rates of urea split applied at emergence and prebloom. Also, 
one rate of each source, including \VSPCU, v,.ras applied at planting and a O N control vrns included. 
Differences behveen tillage depths vlere not found. Disease severity was not significantly affected by 
tillage depths or N treatment. Emergence applied PCU resulted in lovver grain yields and monetary 
returns than split urea applications. PCU applied at planting, hmvever, resulted in similar yields and 
monetary returns compared with split and planting urea, ,vhich suggests a more optimal N regime for 
kidney bean production. Planting applied vVSPCU also resulted in similar yields and net retlm.1s as 
planting applied urea. 

Key1vords: kidney bean, polymer coated urea, nitrogen rate~ tillage, disease severity; yield and 
economic analysis. 

INTRODUCTION 

Dry edible beans are an important agronomic crop 
in the United States. Minnesota, one of the top 
five bean producing states in the counhy, is 
cunently the leading producer of dark red kidney 
beans (Phaseolus vulgaris L.) (NASS, 2004). In 
2007, approximately 59 thousand hectares of 
beans were harvested in the state (NASS, 2007). 
D1y bean production is comparatively new to 
:Minnesota, relative to other bean producing areas, 
,vith large scale production beginning in the 1970s 

(:rvicMartin et al., 1982). Dry beans are typically 
grow-u in areas with well drained soils, although 
irrigation is often needed to ensure that 2.5-3.8 
cm of water every 4-5 days are provided (Egel et 
al., 2008). Dry beans are a short season crop, with 
plants typically reaching maturity in 90 - 100 days, 
depending on the variety. In Minnesota, the crop 
is smvn in late May and harvested in early 
September. 
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Dry beans have special management needs due to 
their limited ability to fix nitrogen and high 
susceptibility to disease. A symbiotic relationship 
wi.th Rhizobium phaseoli allow dry beans to fix 
nitrogen, although as a species they are poor at it 
compared ,vith other legumes (Piha and Munns, 
1987). For instance, on average diy beans fix a 
total of 85 kg N, ha-1 while soybeans fix 248 kg 
N

2 
ha-1 (Unkovlch and Pate, 2000). Nitrogen 

fixation may be limited by several factors alone 
or more often in combination: lo,v levels of 
micronutrients, competition ,vith native (but 
usually ineffective) soil rhizobia, and high inputs 
of N which tend to inhibit fixation (Graham and 
Ranalli, 1997). Studies have shown that 
inoculation of dry beans with effective rhizobia 
helps ,vith nitrogen fixation and increases yields 
(Duque et al., 1985; Da Silva et aL, 1993; 
Camacho et al., 2001), butyieldswerenotaffected 
in the Upper Midwest (Weiser et al., 1985). Even 
when inoculated, some studies have found higher 
yields ,vith the addition of N fertilizers (Edje et 
al., 1975; Henson and Bliss, 1991). Current N 
fertilizer recommendations for coarse textured 
soils in :Minnesota. are to apply a total of 45-68 kg 
N ha-1 ( depending on yield goal) at emergence and 
prebloom (Rehm et al., 1995). 

Fusariu-tn root rot of dry beans is a widespread 
disease that has had a significant impact on 
production (Hall, 1996). In 1\tfinnesot~ root rot is 
often caused by F. solani f sp.phaseoli in complex 
wi.th R. solani and F. oxysporum and yield losses 
due to this disease can be up to 50% (Estevez de 
Jensen, 2000; Estevez de Jensen et al., 2002). The 
increasing incidence and severity in this area has 
been attributed to shortening of rotation intervals, 
increased acreage, heavy N fertilization and the 
use of highly susceptible cultivars (Estevez de 
Jensen et al., 2004). In Central :Minnesot~ chy 
beans are typically produced on irrigated coarse 
textured soils that have a vvell defined Bt layer 
vvi.th increased bulk density and reduced hydraulic 
conductivity (Sexton et al., 1996). A Bt horizon 
can be restrictive to root growth and often 
aggravates root rot by confining the pathogen to 
the plmv layer (,vhere roots are also concentrated) 

JErvfREST 5:78-93, 2008 

and by allovving for the buildup of soil moisture 
in the root zone (Burke et al., 1972; Allrnaras et 
al., 1988). vVhile several studies have shovvn that 
breaking up a restrictive layer through tillage can 
increase yields and reduce disease severity (Bmke 
et al., 1972; Harveson et al., 2005), there is only 
anecdotal evidence in 1\-fomesota. 

Current recommendations for coarse textured soils 
in Minnesota include N fertilizer applications, 
even though fertilizer N recovery is often low 
(<50%) (RennieandKen1p, 1983; Tsai etal., 1993; 
Kipe-Nolt and Giller, 1993). This in combination 
vvith additional N supplied by biological N fixation 
and unpredictable rain increases the potential of 
nitrate (NO

3
) leaching to ground,vater. Breaking 

up of the Bt layer may further exacerbate the NO 
3 

leaching problen1 by increasing vvater percolation 
beyond the root zone. 

Controlled release fertilizers are one option to 
reduce NO 

3 
leaching ,vhile maintaining yields by 

matching the release ofN to plant uptake. Sulfur 
coated ureas (S CU) have shown mixed results on 
potatoes and com. In a severe leaching year, com 
yields were similar and potato yields were higher 
,vhen fertilized vvith S CU compared Vlith urea, 
but yields and N recovery for both com and potato 
were significantly reduced when fertilized ,vith 
SCU under 1101mal weather conditions (Leigel and 
\Valsh, 1976). Polymer coated ureas (PCU), 
however, have more predictable release patterns 
than SCU (Trenkel, 1997) and have resulted in 
similar or higher yields in potato and rice 
compared with soluble N sources (Shoji et al., 
2001; Hutchinson et al., 2003; Carreres et al., 
2003). 

79 

·while studies have shmvn promising results ,vith 
PCU, producers have been hesitant to adopt the 
fertilizer due to high prices (Trenkel, 1997; 
Zvomuya and Rosen, 2001). Recent advances 
have significantly lowered production costs and a 
new brand of PCU, called Environmentally Smaii 
Nitrogen (ESN;Agrium U.S. Inc), is competitively 
priced ,vith other N fertilizers. With potato, this 
PCU resulted in similar yields compared vvith 
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untreated N sources (Hopkins et al., 2008; Wilson, 
2008). The effect of any PCU on dry bean 
production has not been previously reported. 

The overall objectives of this study were to 
compare several variables on dry beari yields, 
disease severity and net monetary returns, 
including: 1) deep tillage versus shallow tillage 
(breaking up the Bt horizon versus not), 2) PCU 
versus untreated urea at varying N rates and timing 
of application, and 3) interactions behveen tillage 
depth and N treatments. 

lVIETHODS Al\TJl 1\/IATERIALS 

A preliminary field expe1iment conducted in 2005 
and a two-year field study from 2006 - 2007 were 
conducted at the Central Lakes College 
Agricultural b.Tigation Experiment Station near 
Staples, 1v1N. This site had a past history of severe 
root rot and soil was naturally infested ,vith 
Fusarium oxysporum,F. solanif. sp.phaseoli, and 
Rhizoctonia solani AG-4 (Estevez de Jensen et 
al., 2004 ). The soil at the site is a some,vhat 
excessively drained Verndale sandy loam (frigid 
Typic Argiudoll), with a 17 cm thick Bt layer 
beginning at approximately 25 cm below the top 
of the soil. Sexton et al. (1996) reported that bulk 
density oftheAp, Bt and C horizons ranged from 
1.5-1.7 Mg m-3, 1.6-1.9 lvfg nr3, and 1.5-1.6 Mg 
m-3·, respectively. The authors also reported that 
saturated hydraulic conductivity measurements 
indicated that the Bt horizon limited ,vat.er 
movement. 

The previous crop in all three years was non­
fertilized, irrigated corn (Zea mays L. ). 
Representative soil samples from 0-15 cm were 
collected in the spring before planting for routine 
soil tests (Brmvn, 1998) (Table 1) and from 0-60 
cm soil depth to determine KCI extractable nitrate­
N (NO3-N) and arnmonium-N . (NH

4
-N). 

Extractable soil l\TH
4
-N in the top 60 cm was 61.4, 

28.7, and 73.5 kg ha-1 in 2005, 2006, and 2007, 
n;spectively. Extractable soil N0

3
-N ,vas 25.1, 

25.1, and 6.3 kg ha-1 in consecutive years. Weather 
data ,vere collected on station, and thirty year 
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precipitation and temperature normals for Staples, 
1,fN ,vere obtained from the National \:Veather 
Service for comparison (~11CWG, 2007). 

Table 1. Soil properties before sp1ing plant­
ing at Staples, l\,IN. 

pH 

Average 6.5 
1Extractable 

Bray-P 
(mg kg-1) 

32.2 

0-15 cm 

Organic 1\fatter 
(%) 

111.0 

The experimental design for all three years ,vas 
six. replicates of randomized complete blocks ,vith 
a split plot restriction on randomization. Tvrn 
tillage treatments were replicated as ,vhole plots: 
deep tillage \Vas :intended to break up the Bt 
horizon, vvhile conventional shallmv tillage ,vas 
not. Subplots consisted of eight nitrogen (N) 
treatments in 2005 and ten N treatments in 2006/ 
2007 (Table 2). Subplots were four ro\vs ,vide and 
6 rn in length \v:ith row spacing of76 cm. 

Table 2. Nitrogen treatments for kidney 
beans (Phaseolus vulgaris L.)~ 

Trmtment1 N Source Planting Emergence 
Prroloom TotalN 
Sidedress Rate 

-kgN h~~l 

None 0 0 0 0 

2 WSPCU 67 0 0 67 
3 Urea 67 0 0 67 
4 PCU 67 0 0 67 
5 Urea 0 34 0 34 
6 PCU 0 34 0 34 
7 Urea D 34 35 67 
8 PCU D 67 0 67 
9 Urea 0 34 67 101 
10 PCU 0 101 0 101 

1Treatments 2 and 3 vvere not included in the 2005 study 

In the spring before planting, plots were disked, 
tilled with a chisel plmv and then disked again to 
level the area for sowing. Tillage plots were 
plowed to approximately 4 7 cm for deep and 29 
cm for shallow· tillage, respectively, under each 
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chisel shank. The plow layer in bet\veen chisel 
shanks ranged from 23 - 39 cm for deep and 17 -
29 cm for shallow tillage. Shallow tillage did plow 
through the top 4 cm of the Bt horizon on average, 
but only deep tillage broke though the bottom of 
the dense layer ,vhich ended at an approximate 
depth of 42 cm. The non-inoculated red kidney 
bean cultivar ''Niontcalm" was sown on 31 May 
2005, 24 lvfay 2006 and 1 June 2007 to achieve 
an approximate density of 192 x 103 plants ha-1• 

Planter applied starter fertilizer consisted of 37 
kg K ha-1 and 17 kg S ha-1 as 0-0-40-15. ·weeds 
were controlled by hand and with a pre-emergence 
application of dimethenamid-p and split 
applications ofbentazon post-emergence. 

Tlvo sources of N, uncoated urea and a 90-day 
release polymer coated urea (PCU), ,vere 
compared across several rates and timing schemes 
in all three years. In 2006/2007 two additional 
treatments compared an additional N source, 
Nutrisphere Nitrogen (NSN; Specialty Feiiilizer 
Products, Belton, ivIO) and urea to PCU at the 
same rate at planting. NSN is reported to delay 
conversion of urea to ammonium and ammonium 
to nitrate (Balderson et al., 2007) and is coated 
with a ,vater soluble polymer. It will be referred 
to as a vrnter-soluble PCU (\~VSPCU) from this 
point on. Urea, PCU and \VSPCU applied at 
planting were banded 5 cm to the side and 5 cm 
below the seed. PCU and urea applied at 
emergence \Vere broadcast by hand on 16 June 
2005, 8 June 2006 and 21 June 2007. Urea applied 
at prebloom was sidedressed by hand on 29 June 
2005, 28 June 2006, and 5 July 2007. Emergence 
and sidedress N applications were cultivated or 
irrigated into the soil ,vi thin one day of app1i cation. 

Release rate of N from PCU ·was determined by 
burying 3 grams of the fertilizer in sealed plastic 
mesh containers for hvo different application 
timings. T,vo to three replications ofl0 bags ,vere 
buried at planting and emergence to the depth of 
the fertilizer band. The mesh bags ,vere retrieved 
periodically throughout the season, placed in a 
paper bag and air dried. This method was also used 
to deteii:nine N release from \VSPCU, but on the 
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first and subsequent sampling dates no fertilizer 
remained in the mesh bags. For PCU, the fertilizer 
prills ,vere removed from the mesh containers by 
hand, separated from the soil and weighed on a 
scale. The amount of weight loss was assumed to 
be equivalent to the amount ofN released (Wilson, 
2008). Percent of N release (%NR) as a function 
of cumulative soil growing degree days (GDD) 
and time ( days after planting) ,vas determined by 
regression. GDD was calculated with soil 
temperatures based on techniques in Z vomuya et 
al. (2003), with a base value of 5 °C, the 
temperature below which release ofN from the 
PCU is thought to be limited. 
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Disease severity (DS) and adventitious roots ,vere 
evaluated to determine the extent of root rot in 
each study. Adventitious roots often occur in 
infected plants (Estevez de Jensen et al., 2002). 
Nodules ,vere also rated to detennine the effect 
ofN treahnents on nodulation. In 2005, all ratings 
,vere detenuined during pod-fill in mid-August, 
while in 2006 and 2007 ratings ,vere estimated 
,vhen approximately 50% of plants had ±1ovvered 
in mid-July. Five plants from one of the center 2 
rows outside of the harvest area ,vere pulled by 
hand and evaluated. Rating methods are described 
in Table 3. DS ratings \Vere based on a 1-9 scale 
in all three years (Estevez de Jensen, 2000), but 
ratings in 2006 and 2007 had more resolution 
compared ,vith 2005. Adventitious roots and 
nodule ratings were based on ranges found in the 
field for each particular study. 

Beans wei·e harvested on 16 Septeinber 2005, 29 
August 2006 and 7 September 2007. Plants ,vere 
pulled by hand from the center 3 m of the center 
hvo rmvs in each plot and threshed in a combine 
to separate beans from plant material. Harvested 
dry beans were dried to 0% moishrre and then 
weighed for final yield. 

A simple economic analysis was conducted to 
comparenetmonetruyreh1ms of eachN and tillage 
treatment. Dry bean prices were set at $1.24 kg-1• 

The cost for deep tillage \Vas $69 ha-1 ,vhile 
shallovv tillage was approximately $40 ha-1 (Dale 
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Schock, personal communication, 2008). Soluble 
urea,vas priced at $1.34 per kg N, PCU at $1.54 
kg-1 N, and WSPCU at $1.52 kg-1 N. Application 
costs ,·vere considered $0 ha-1 vvhen fertilizer was 
applied at planting, since it is applied 
simultaneously with starter fertilizer. Fertilizer 
application at sidedress was estimated to be $17 
ha-1 per application (Edwards and Smith, 2008). 
Split sidedressed applications cost double this 
amount Net monetary return was calculated based 
on gross value of the bean crop minus the cost of 
fertilizer, applicatfon and tillage. 

Table 3. :Methods for rating disease severity, 
nodules and adventitious roots by year. 

2005 i\I et11od s 

Disease Ratings 
Little to no root rot 
Visible infection 

5 1-foving into ,;ascul ai: system 
7 Vascular system affected, taproot in tact 

9 Complete death of taproot. 

NoduleE.ating;, 

0 No nodules 
1 Presence ofnryfew (0-5) small nodules 
2 Sma!lnumber(S-15) of nodules 

GreatM 111.11nber (15-25)ofnodutes 
4 Highest an1-01.l1lt of nodules on plants observed infield {30-40)_ Also 

reflected viable live nodulation. 

A1hentitious roots 
0 No adnntitious roots 

Indicates adventitious (hydroponic) roots. 

1006/1007 Methods 

Disease Ratings 
0 No mot rot 

No mot rot to Litt.1 e To V isibte 
2 Little To Visible infection 

Visible infection 
4 Visible infection to IV!o,fog into niscular system 

1-fo,dng into ,;ascul ar system 
6 :Moving into yascular system to Vascular system affected, taproot in tact 

V asculai: system affected, taproot in tact 

Vasculai: system affected, taproot in tactto Complete death oftaproot. 
9 Complete death of taproot_ 

N.od11le1taUngs 
0 No nodules 

Presence of very few (0-15) small nodules 
2 Small number (15-3{)) of no du1es 

Greater tID:tn ber (30-45) of nodules 

4- Highestamouflt of nodules onplantsobservedi.nfield{>45). 
Also :ref!ecte d ,·iable live nodulation. 

A1hentitious roots 
0-5 adven1itious roots 

2 5-15 adveniitiousroots 
>15 adventitiousroots_ 

Data from the study \Vere analyzed using PROC 
MIXED (SAS Institute Inc., 2004) with 
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replications as random ·variables. Values less than 
a p-value of0.10 were considered significant. The 
2005 data were analyzed separately, due to the 
difference in N treatments from the other years. 
The 2006 and 2007 data were combined and years 
,vere also considered random effects. Treatment 
means \Vere compared using least-square means 
and contrast statements (SAS Institute Inc., 2004). 
As described by Littell et al. (2006), differences 
among treatments v;,rithin years (the year by 
treatment interaction), \Vere assessed by year­
specific inference using best linear unbiased 
predictors (BLUPs). For the PCU release rate 
study and yield data, regression models were fit 
for each N timing treatment or N source treatment, 
respectively, and analyzed using PROC 1'HXED, 
,vhile final regression equations were estimated 
vvith PROC REG (SAS Instih1te Inc., 2004). 
Con-elations between variables were measured 
using PROC CORR (SAS Institute Inc., 2004). 
Spearman co1Telation coefficients were used if one 
or more variables ,vere rank data, othenvise 
Pearson co1Telation coefficients vlere used. 

RESULTS AND DISCUSSION 

Weather 
Mean tern perature and rainfall for the 200 5 
through 2007 grmving seasons (June through 
August) and follmving fall months are compared 
vvith 30 year averages for Staples, 1v1N in Table 4. 
\Vhile all three years ,vere ,vru.mer than average, 
2005 1,,vas ,vetter and 2006 and 2007 were drier 
than normal. Precipitation totals for the main 
growi.ng season (June -August) \Vere 29.7, 18.2, 
and 9.6 cm for consecutive years. The surplus of 
1.8 cm of rain in 2006 was increased by rainfall 
in September and October to a surplus of 4.6 cm. 
Above average precipitation in September and 
October of 2006 and 2007 decreased rain deficits 
of 9.7 and 18.3 cm, respectively, to 8.9 and 7.2 
cm., respectively. Suppleme:ntmy irrigation varied 
over years (Table 4), but in addition to 
precipitation, dry beans in 2005 received more 
water than in 2006 while the crop in 2007 received 
the lowest amount of water due to a severe drought 
that limited water supply. 



Jrurnal of Erwirmrrmtal Mrnitaing& Reirratirn5:78-93, 2CXE 

Table 4. Average monthly rainfall and precipitation compared to 30-year averages for Staples, 
~IN. 

Rainfall T em~erature 

l\llonth 2005 2006 2007 30-Y ear l\tlean l 2005 2006 2007 30-Year lVIean1 

-----------------------ctn----------------------- ____________________ oc--------------------
June 14.2 6.4 4.7 10.8 19.4 18.4 19.4 17.4 
July 3.6 4.6 2.9 9.0 21.3 22.6 21.3 19.8 

August 11.9 7.2 2.0 8.0 18.5 19.5 18.4 18.8 
September 9.1 9.5 14.0 6.6 15.6 12.8 14.4 13.2 

October 6.8 4.5 10.2 6.6 7.9 5.1 8.6 6.5 
Irrigation 11.7 21.4 27.5 

1Average for the 30 year period from 1971-2000. 

Nitrogen Release Rate fl-om PC[l 
In order to compare N release of PCU at different application times (planting and emergence), equations 
were used to model release rate. Percent of N release (?/oNR) ·was a quadrntic fonction of days after 
planting (DAP). No diflerences in regression slopes \Vere found benveen years for each treatment (p>O .10) 
so one quadratic line is used to describe each timing of application treatment (Figure 1). The intercepts 
\Vere significantly different between the two treatments due to the difterence in application timing. 
Emergence PCU was typically applied behveen 15 and 20 DAP during this sh1dy. Slopes were not 
significantly different, indicating thatPCU had the same release pattern regardless of application timing. 
According to the equations, planting and emergence PCU had released approximately 95~-~ and 93% by 
the average harvesting date (101 DAP), respectively. Total N accumulation for unfetiilized dry bean 
was reported to increase at the highest rate between approximately 45 and 60 DAP (Kimura et al., 
2004). Planting PCU had released approximately 60% of the total N supply by 45 DAP, while emergence 
PCU had only released about 45%. This suggests that emergence application of PCU may be delayed 
too long for maximum uptake by dry bean, assuming that dry beans accumulate N similarly ,vith or 
without N fertilizer applications. 

Figure 1. Percent of N release (%NR) from a polymer coated urea (PCU) placed at the fertilizer 
band depth as a function of the number of days of planting (DAP) averaged over three growing 
seasons. 
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The release rate ofN from PCU is mainly determined by soil temperature ,vhen soil moish1re is not 
limiting (Sahnan et al., 1989; Gandeza and Shoji, 1991). To fiu-ther explore the relationship bet\veen 
soil temperature and N release, PCU release ,vas expressed as a function of cumulative soil growing 
degree days (GDD) at the fe1iilizer band depth. The %NR was detennined to be a quadratic function of 
GDD, agreeing with the model chosen in Zvomuya et al. (2003). One equation vvas used to describe 
each treatment when no differences in regression slopes ,vere found bet\:veen years (p>0.10) (Figure2). 
The intercepts and slopes for each N timing treatment were not significantly different, suggesting that 
PCU requires a specific number of GDD to release N, regardless of the number of days needed to 
accumulate them. This also indicates that the amount ofN released from PCU can be predicted if GDD 
is kno,vn. Under the conditions of this study, over 90%> ofN had been released by 1300 GDD. In each 
year, beans were han,ested at approximately 1650 GDD. 

Figure 2. Percent of N release (%NR) from two different application timings of polymer coated 
urea (PCU) pfaced at fertilizer band depth as a function of cumulative soil growing degree days 
(GDD, base of 5°C) after fertilizer application. 
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Disease Severity and Adventitious Roots 
There yvere no statistically significant findings 
,vithdisease severity (DS) ratings over the comse 
of this study. In 2005, the average disease rating 
vvas 6. 6, which is equivalent to the vascular system 
being affected, but the tap root is still in tact. The 
disease ratings in 2006 and 2007 were 5.3 and 
5 .1, respectively, which indicate that root rot \Vas 

moving into the vascular system. It is not 
surprising that DS ratings ,vere relatively high in 
the field trials, due to the previous histmy of root 
rot. Differences in DS due to tillage and N 
treatment ,vere not found. These results agree \Vith 
the conclusions of Burke et al. (1972) ,vhere deep 
tillage before seedbed preparation failed to affect 
DS. However, deep tillage after seedbed 
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preparation to break up the compacted plow layer 
did significantly reduce crop damage from 
fusarium root rot. Other sh1dies have found 
vat.ying results of tillage on D S. Estevez de Jens en 
et al. (2004) found that DS was not affected by 
moldboard plmving ·v.rhen compared with minimal 
tillage in a soil similar to the present study. It is 
unlikely that moldboard plO\ving broke up the Bt 
layer, hovvever. Harveson et al. (2005) reported 
that zone tillage (a type of strip tillage) 
significantly reduced DS over no-tillage in a soil 
with a compacted layer. No-tillage ,vas not tested 
in the current study, and may need further 
evaluation. 
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A rating system for the presence of adventitious 
roots was also employed to determine the effect 
of tillage practices and N management on disease. 
Adventitious roots often fon11 above the initial 
infection area in order to maintain the function of 
dying roots (Hagedorn and Inglis, 1986; Meronuck 
et al., 1993). Adventitious roots were not affected 
by N treatment in any year. In 2005, tillage depth 
significantly affected the presence of adventitious 
roots (Table 5). Deep tillage resulted in a higher 
rating, indicating that on average adventitious 
roots vvere present more often than ,vith shallow 
tillage. In the same year, adventitious rootratings 
were not correlated with DS ratings, which 
suggests other factors affected their grmvth. Severe 
root rot ,vill affect adventitious roots over time, 
and given the high average DS rating (6.6 on a 
scale of 9) and the later timing of measurements 
in 2005 (77 DAP compared ,vith approximately 
44 DA.P in 2006/2007), adventitious root grmvth 
may have been affected by disease. Roman-Aviles 
et al. (2004) found that ,vhile root rot symptoms 
vvere expressed by 30 DAP, roohveights were not 
affected until approximately 60 DAP. 

Table 5. Adventitious root ratings as affected 
by tillage and year. 

Adventiti9us Root Ratings 
2005 2006/2007 

Tillage 
Deep 0.3 a 2.2 a 

Shalln\v 0.2 b 2.3 a 
Year 

2006 2.6 a 
2007 1.9 b 

1Means follO\ved by the same letter are not significantly 
different (p>0.10). 

Adventitious roots ,vere not significantly affected 
by tillage in 2006 and 2007. but vears ,vere 

.. ........ ✓ .,,l 

significantly different (Table 5). In 2006, the 
average plant contained 5-15 adventitious roots, 
,vhile the average per plant in 2007 ranged from 
0-5. These values are slightly lo,ver than those 
rep01ted in Michigan, ,vhere the variety Montcalm 
grew 15 adventitious roots on average under field 
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conditions (Roman-Aviles et al., 2004). 

Adventitious root ratings ,vere inversely con-elated 
with DS ratings in 2006/2007, although vaiiation 
was high (rho= -0.13, p<0.05). Roman-Aviles et 
al. (2004) also found a negative correlation 
between adventitious roots and DS, but the study 
included many varieties with varying levels of 
susceptibility to root rot They also found that 
Montcalm kidney beans had fewer adventitious 
roots on average compared with more resistant 
vaiieties. This suggests that Montcalm (a variety 
that is highly susceptible to root rot) is less adapted 
to dealing ,vith root rot via adventitious roots, 
which may explain the high variability found in 
our study. 
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Drought stress in 2006 and 2007 may have 
afiected adventitious root development, regardless 
of DS . The initiation of adventitious roots \Vas 
inhibited at a relative h1m1idity of 93% or less in 
water stressed ,vhite clover in a study by Stevenson 
and Laidlaw (1985). Manschadi et al. (I 998) found 
that root densities offababean (Viciafaba L.) in 
upper soil levels ,vere much lower under vrnter 
stress compared ,vith those ofvvell vrntered plants. 
Both 2006 and 2007 had belO'\V normal 
precipitation levels, but the rain deficit in 2007 
was more pronounced. The drought conditions in 
both years also limited irrigation water supplies, 
especially in 2007. This may explain the lm:v 
adventitious root ratings compared with other 
studies and the significant difference benveen 
years. 

Nodule Ratings 
Nodule ratings in 2005 ,vere significantly affected 
byN treatment (Table 6). In 2005, all N treatments 
were not significantly different than the control, 
except the highest rate of PCU (101 kg N ha-1

), 

which produced significantly lmver nodule ratings. 
In the 2006/2007 analysis, the addition of N did 
not significantly affectnodulation. Moisture stress 
may adversely affect nodule numbers and size, 
especially at important grovvth stages (Sprent, 
1976; Pena-Cabriales and Castellanos, 1993), and 
drought conditions due to inadequate vvater supply 
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for irrigation in 2006 and 2007 may have limited 
nodulation. 

Table 6. Nodule ratings as affected by N 
source, rate and timing. 

Treatment N 
1! Source ff 

I None 
2 WSPCU 
"l Urea j 

4 PCU 
5 Urea 
6 PCU 
7 Urea 
8 PCU 
9 Urea 
10 PCU 

N 

Rate 

0 
67 
67 
67 
34 
34 
67 
67 
101 
101 

Timing 

(P,E,Sf 
0,0,0 

67,0,0 
67,0,0 
67,0,0 
0,34,0 
0,34,0 
0,34,33 
0,67,0 
0,34,67 
0,101,0 

Nodule Ratings2 

2005
3 

2006/2007 
0.8ab I.Sa 

1.3 a 
1.4 a 

0.7 be 1.3 a 
l.2a 1.7a 
1.0 ab 1.9 a 
0.8 ab 1.5 a 
0.6 be 1.7 a 
0.Sab 1.6a 
0.3 c LS a 

1P,E,S = applied at planting, emergence and pre-bloom 
sided.ress, respectively 
2Nodule ratings methods differ betsveen 2005 and 2006/ 
2007 
32005 did not include treatments 2 and 3 in the 
experimental design 
4Means with the same letter are not significantly different 
(p>0.10). 

The addition of N to d1y bean is reported to 
decrease N,., fixation and nodulation (both in 

~ ' 

nodule mass and number present per plant) 
(Graham, 1981; Da Silva et al., 1993; Leidi and 
Rodriguez-Navarro, 2000). This study supports 
these findings to some degree, since nodule ratings 
were reduced by some N treatments, especially at 
the higher N rates. 

Bean Yields 
In 2005, N treatment significantly affected dry 
bean yields although tillage treatments did not. The 
addition of N significantly increased yields over 
the ON control, and yield response was a quadratic 
function of N rate (Figure 3). At the 10\v N rate 
(3 0 kg N ha-1 ), there was no yield difference 
between N sources, but split urea at 67 and 101 
kg N ha-1 resulted in significantly higher yields 
compared ,vith emergence PCU. Bean yields \Vith 
planting PCU were similar to split urea at the 
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equivalent rate, however. 

With N applications at emergence or later, bean 
yield was a quadratic function of N rate. Slopes 
and intercepts of the quadratic functions ,verenot 
significantly different between emergence PCU 
and split urea, which suggests that yields 
responded similarly to N source. Since yield 
responses were a quadratic function, the N rate 
that would have produced the highest yield can 
be obtained for 2005. The optimum N rates as 
calculated from the quadratic equations were 92 
and 78 kg N ha-1 for split urea and emergence PCU, 
respectively. Although the t\vo values vary 
bet\veen N sources, the quadratic lines ,vere not 
significantly different and therefore optimum N 
rates cannot be assumed to be different either. 

Dry bean yields in 2005 ·were lo,ver ,vhen 
compared with yields in 2006 and 2007, most 
likely due to excessive moisture conditions early 
in the season. In 2006 and 2007, N treatments 
significantly affected dry bean yields. The addition 
of N significantly increased yields over the O N 
control, except at the lowest N rate (34 kg N hff 1) 
of emergence PCU (Figure 3). Yield responsevvas 
a linear function of urea and PCU N rate. This 
suggests that an optimum rate ,vas not reached 
,vi thin the parameters of this study or that 
additional N may have increased yields firrther. 
Slopes and intercepts for each N source \Vere not 
significantly difterent. Splitureagenerallyresulted 
in higher yields compared vvith emergence PCU, 
although differences were only significant at the 
67 kg hff 1 N rate. N applied at planting resulted in 
the highest yields, but there ,vere no differences 
behveen N sources. Planting WSPCU resulted in 
significantly higher yields than all other emergence 
applied N treatments except split urea applied at 
101 kg N ha-1• Yields with planting PCU were 
similar to yields with emergenceappliedPCU and 
split urea at tl1e highest N rate (101 kg N ha-1) and 
split urea at 67 kg N hff 1, but were significantly 
higher than yields with all other emergence PCU 
applications. In contrast to the current study, 
Henson and Bliss (1991) found that applying 
soluble Nat planting generally reduced yields due 
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to nodule inhibition compared with later N applications. In the present study, bean nodule ratings ,vere 
not affected by N timing trea1ments, although moisture stress may have limited their growth. 

Figure 3. Dry bean grain yield as affected by N source, rate and tin1ing. Yield response to N 
rate (for N applied at emergence or later is also presented. Bars with the same letter (2005 and 
2006/2007 are considered separately) are not significantly different (p>0.10). 
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Several studies have concluded that tillage 
practices affected dry bean yields. Estevez de 
Jensen et al. (2004) rep011ed increased grain yields 
with moldboard plmving compared ,vith disking 
on a soil similar to the one in the present study. A 
deep tillage method was not used to break up the 
Bt horizon, however, such as in the current study. 
Harveson et al. (2005) found that zone tillage to 
break up a compacted layer significantly increased 
bean yields over no-tillage. Burke et al. (1972) 
found that yields were not affected by subsoiling 
before seedbed preparation, but,vere significantly 
increased ,vith subsoiling bet\:veen the rmvs after 
seedbed preparation. In the current study, yields 
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were not significantly different behveen tillage 
treatments in all three years, which suggests 
preparation of the seedbed may have resulted in 
re-compaction even though the Bt layer was 
broken up. Further research needs to be conducted 
to determine optimal tillage timing in combination 
with field preparation. 

Further examination of the yield data found that 
another factor may have affected grain yield. 
Yields \Vere determined separately from each 
harvest ro,v in order to determine if there ,vas an 
effect of,vheel traffic on grain production. Of the 
hvo center rmvs of beans used for harvest, one 
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ro,v had wheel traffic 011 one side while there \Vas 
no traffic adjacent to the other harvest ro,v. The 
tractor used for planting had single ,vheels that 
vvere approximately 46 cm in ,vidth, which left 
approximately 15 cm between the ·wheel and the 
row. \Vhile the experimental design of this study 
did not allmv for statistical analysis, general trends 
vvere found. Averaged over tillage and N 
treatments in each year, there tended to be a 
decrease in grain yield when the row was next to 
,vheel traffic compared ,vith the row without any 
traffic nearby (Figure 4). The diflerence in yield 
was more pronounced in 2005 and 2007 than in 
2006 and may be due to soil moisture conditions. 
Wet soils are more susceptible to increased 
compaction than dry soils (DeJ ong-Hughes et al., 
2001), and there ,vas little precipitation in the first 
half of the grmving season in 2006. Wet field 
conditions occurred during post-emergence field 
operations in 2005 and at planting in 2007, 
respectively. 

Figure 4. Kidney bean yields averaged over till­
age and N treatments as affected by wheel traf­
fic in three years. 
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Averaged over three years, there ,vas generally a 
9% yield loss dueto traffic. With an 8 row planter, 
approximately 50(}1<:> of the yield will be reduced 
since 4 ro\vs are adjacent to wheel traffic. To 
reduce the propotiion of the yield affected, a larger 
planter should be used. Nlany have reported that 
compaction of a sandy soil ,vith ,vheel traffic 
significantly reduced yields of various crops 
(Marnman and Olm, 199,7; Dauda and Samari, 
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2002; Nevens and Reheul, 2003). These studies 
have typically compacted entire plots ,,rith ,vheel 
traffic ,vhich is not practiced in traditional crop 
production. The current study, hovvever, fom1d that 
there may be an effect of wheel traffic on kidney 
bean yields as it applies to conventional kidney 
bean production practices. 

Economic Ana(vsis 
An economic analysis of the current study was 
conducted to show net monetmy returns based on 
fertilizer prices, application costs, tillage costs and 
dry bean yields. Net returns in 2005 ($1263 -
$1896 ha~1

) ,vere generally lower compared ,vith 
2006 and 2007 ($1614 - $2189 ha-1), mainly due 
to lower yields. In 2005 and 2006/2007, N 
treatments significantly affected net monetary 
returns for bean production (Figure 5). In 2005, 
the addition of N significantly increased returns 
over the zero N control. Planting PCU and split 
urea at equivalent rates resulted in the highest net 
returns, although split urea at 67 kg N ha-1 vvas 
not significantly different from split urea at 101 
kg N ha-1

• Increasing N rate vvith emergence PCU 
did not result in an increase in net return. Net 
returns \Vith split applied urea significantly 
increased between 34 and 67 kg N ha-1 and then 
remained statistically the same at 101 kg N ha-1. 

At the lmvest N rate, there ,vere no differences in 
returns between N sources, but at 67 and 101 kg 
N ha-1, split urea resulted in a significantly higher 
net return than emergence PCU. 

In 2006 and 2007, the addition ofN significantly 
increased net returns over the zero N control, 
except at the lo,vest rate of emergence PCU. 
Planting applied N significantly increased 
monetary returns over all emergence or later 
applied N, and all planting N sources resulted in 
similar returns. In general, net returns were 
increased as N rate applied at emergence 
increased, although split urea treatments did not 
result in significantly different returns. The highest 
rate of emergence PCU (101 kg N ha-1

) resulted 
in a significantly higher net return compared with 
the lowest rate (34 kg N ha-1), while 67 kg N ha-1 

,vas similar to both. Split urea resulted in higher 
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net returns than emergence PCU, although these differences \Vere not significant. 

Overall, emergence applied PCU resulted in reduced net returns in a wet year compared with uncoated 
urea, but planting applied PCU was comparable at equivalent rates. Under dry conditions, emergence 
PCU and split urea resulted in similar returns, but the highest retmns ,vere with planting N applications, 
regardless of N source. Tillage depth did not affect net returns in any year, due to the lack of a yield 
response and the lO\v cost of tillage compared ,vith net returns. 

Figure 5. Net monetary returns as a function of N source, rate and timing. Bars with the same 
letters (2005 is separate from 2006/2007) are not significantly different {p>0.10). 
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CONCLUSIONS 

This study was conducted to examine different 
tillage techniques and polymer coated ureas on 
irrigated dry bean production in Minnesota. In 
general, tillage treatments did not affect disease 
seve1ity ratings, nodulation, kidney bean yields, 
or net monetary returns. The current study 
conducted tillage before seedbed preparation 
ho,vever, and others have reported that only tillage 
after preparation of the seedbed resulted in yield 
differences (Burke et al., 1972). Future research 
should focus on timing of tillage to find the 
optimal treatment for bean production. 

Emergence applied PCU resulted in lmver grain 
yields compared with split applications of urea at 
emergence and prebloom. The N release study of 
PCU suggested that emergence applied PCU had 
released less than 50% ofN \vhen maximum plant 
N accumulation began. "\Vhen applied at planting, 
PCU resulted in similar yields and net returns as 
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split applied and planting urea at equivalent rates 
over three years. Based on these results, vve 
conclude that emergence applications of PCU may 
release N too late for the period of maximum N 
uptake in dry beans, but planting applications of 
PCU have sho\vn promising results. \VSPCU 
applied at planting also resulted in similar yields 
and net returns as planting applied urea over 2 
years. Further research should focus on finding 
the optimal N rate for planting applied PCU or 
\VSPCU or test other PCU formulations that 

release N more quickly. 
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Kidney bean (Phaseol11s vulgaris L.) production on an irrigated, coarse-textured soil in 
response to polymer coated urea and tillage: II. Plant N accumulation, nitrate leaching and 

residual inorganic soil N 

Melissa L. Vlilson1, John F. :rvloncrief 1·2, and Carl J. Rosen1 

ABSTR.t\.CT 

Kidney bean (Phaseolus vulgaris L.) production in fviinnesota is inherently at risk for nitrate (NO) 
leaching since the crop is typically gro\v11 on in-igated coarse-textured soils. These soils contain a dense 
Bt laye1; which growers feel must be broken up through deep plowing to reduce severity of root rot. 
This study was conducted to determine the effects of polymer coated urea (PCU, Agrium U.S. Inc. and 
WSPCU, Specialty Fertilizer Products) and tillage depth on water percolationJ nitrate leaching, and 
plant nitrogen (N) uptake. In a split plot design, deep and shallmv tillage (plmv depths of 4 7 and 29 cm, 
respectively) were vvhole plots vvhile N treatments ,vere subplots. Three rates of emergence applied 
PCU ,vere compared with equivalent rates of urea split applied at emergence and prebloom. Along \>Vith 
a 0 N control, additional treatments included one rate of each N source, including WSPCU, applied at 
planting. Differences behveen tillage treatments ,vere not found except as interactions with N treatment. 
In dry years, emergence applied PCU resulted in reduced grain N uptake and more cumulative N0

3 

leaching than split applied urea. In a vvet year, hmvever, emergence applied PCU resulted in similar 
plant N uptake and significantly less N0

3 
leaching that split applied urea. Planting applied PCU resulted 

in similar plant N uptake and generally less NO'\ leaching compared ,vith split applied and planting 
urea, regardless ofleaching conditions. In dry years, planting applied \VSPCU resulted in similar grain 
N uptake and N0

3 
leaching as planting applied urea and PCU. 

Keyivords: kidney bean., polymer coated urea, nitrogen rate, tillage, nitrate leaching and plant 
nitrogen uptake. 

INTRODUCTION 

Minnesota is one of the top five dry bean 
producing states in the U.S. and is ranked first in 
production of dark red kidney beans (Phaseolus 
vulgaris L.) (NASS, 2004). Approximately 59,000 
hectares of dry beans were harvested in the state 
in 2007 (NASS, 2007). Dry beans are typically 
grmvn in ·well drained soils and generally require 
2.5-3 .8 cm of water every 4-5 days (Egel et al., 
2008), which is often supplied by irrigation during 
peak evapotranspiration demand. In Central 

lVfinnesota, dry bean production occurs on 
irrigated coarse textured soils that have a well 
defined Bt horizon with increased bulk density 
and reduced hydraulic conductivity. This area has 
a past history of severe root rot (Estevez de Jens en 

et al., 2004), ,vhich may be aggravated by the 
presence of the Bt horizon that confines the 
pathogen and plant roots to the plow layer (Burke 
et al., 1972 ). It has been shown that breaking up a 
restrictive layer through tillage can increase yields 
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and reduce disease severity (Burke et al., 1972; 
Harveson et al., 2005), but this practice has not 
been extensively studied in 1fomesota 

Current cultural practices for dry bean production 
in Minnesota are inherently at an increased risk 
for nitrate (NO 

3
) leaching to groundvvater. 

Although fetiilizer N recovery is often low for 
dry beans ( <50%) (Rennie and Kemp, 1983; Tsai 
et al., 1993; Kipe-Nolt and Giller, 1993), current 
recommendations on coarse-texhired soils often 
call for split N fertilizer applications. This 
combined ,vith additional soil N supplied by 
biological N fixation and tmpredictablerain events 
increases the potential for NO 

3 
leaching to 

ground,vater. Breaking up the restrictive Bt layer 
that is often present in the coarse texh1red soils of 
bean production regions may enhance water 
percolation beyond the root zone and fmiher 
exacerbate the NO

3 
leaching problem. 

Controlled release fertilizers (CRF) are one option 
to reduce NO1 leaching. CRFs attempt to match 
the release o(N to plant uptake unlike soluble N 
sources ,vhich allovv most N to be available to the 
plant in a short period of time. Reports have shown 
that a certain type of CRF, called polymer coated 
urea (PCU), increased N uptake by the plant and 
reduced NO

3 
leaching. Zvomuya et al. (2003) 

reported that polymer coated urea (PCU) applied 
to potato significantly reduced NO

3 
leaching and 

increased potato N uptake over split applications 
of urea in 1viinnesota. In a pot experiment, N 
uptake of citrus rootstock seedlings was greater 
with PCU than urea (Dou and Alva, 1998). 

Producers have been hesitant to use PCU due to 
high prices (Trenkel, 1997; ZvomuyaandRosen, 
2001) even though results have been promising. 
Recent technological advances have provided a 
ne,v brand of PCU to the market that is 
competitively priced with other N fertilizers. The 
use of this PCU, called Environm.entally Smart 
Nitrogen (ESN, Agrium U.S. Inc), resulted in 
reduced NO

3 
leaching in potato compared ,vith 

untreated N sources (Wilson, 2008). The effect 
of PCU on NO

3 
leaching in dry bean production 
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has not been previously studied. 

The overall objectives of this study were to 
compare several variables on dry bean N 
accumulation, NO

3 
leaching and residual 

inorganic soil N, including: 1) deep tillage versus 
shallow tillage (breaking up the Bt horizon versus 
not), 2) PCU versus untreated N sources at varying 
N rates and timing of application, and 3) 
interactions between tillage depth and N 
treatments. 

95 

l\!IETHODS A1'1D lVIATERIALS 

Field ex1>eriments were conducted over three years 
during 2005-2007 at the Central Lakes College 
Agricultural Irrigation Experiment Station near 
Staples, 11IN. The soil present at this location is a 
Verndale sandy loam (frigid TypicArgiudoll) with 
a 17 cm thick Bt horizon beginning at 
approximately 25 cm below the top of the soil. 
This area has a history of severe root rot and 
Estevez de Jensen et al. (2004) reported that the 
soil is naturally infested ,vith Fusarium 
oxysporum, F. solani f. sp. phaseoli, and 
Rhizoctonia solani AG-4. 

A detailed explanation of field practices and 
conditions for this sh1dy is reported in Wilson 
(2008). In summary, the previous crop in all three 
years vvas unfertilized, irrigated corn (Zea mays 
L. ). Representative soil samples from 0-60 cm 
were collected in the spring before planting to 
determineKCl extractablenit:rate-N (NO

3
-N) and 

ammonium-N (NH
4
-N). Extractable soil NO

3
-N 

in the top 60 cm \Vas 25.1,25.1, and 6.3 kg ha-1 in 
2005, 2006, and 2007, respectively. Extractable 
soil J\Tf-:I

4
-N 'was 61.4, 28.7, and 73.5 kg ha-1 in the 

consecutive years. \Veather data were collected on 
station and thirty year precipitation and 
temperature normals for Staples, !v1N vvere 
obtained from the National vVeather Service for 
comparison (MCWG, 2007). 

A completely randomized block design ,;yi.th 6 
replicates ,vas used for all three years, with a split 
plot restriction on randomization. Two tillage 
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treatments ,vere replicated as vvhole plots: deep 
tillage (plowed to approximately 4 7 cm) was 
intended to break up the Bt horizon, ,:vhile 
conventional shallow tillage (plovved to 
approximately 29 cm) was not Subplots consisted 
of eight nitrogen (N) treatments in 2005 and ten 
N treatments in 2006/2007 (Table I). Subplots 
were four wws wide and 6 rn in length with ro,v 
spacing of 7 6 cm. The non-inoculated dark red 
kidney bean cultivar ":tvfontcalrn" was sown on 
31 May 2005, 24 1vfay 2006 and 1 June 2007 to 
achieve an approximate density of 192 x 103 plants 
ha-1. 

Table 1. Nitrogen treatments applied to kid­
ney beans (Pliaseolus vulgaris L). 

Treatment1 N Source Planting 

None 0 

2 WSPCU 67 
3 1]rea 67 

4 PCU 67 
5 Urea 0 
6 PCU 0 
7 Ltea 0 
8 PCU 0 

9 Uea 0 
10 PCU 0 

Prebtoom 
Emergence Sidedress 

0 0 
0 0 
0 0 

0 0 
34 0 
34 0 
34 35 
67 0 
34 67 
101 0 

TofalN 
Rate 

0 

67 
67 
67 
34 
34 
67 
67 

101 
101 

1Treatments 2 and 3 '\>Vere not included in 2005 study 

Planter applied starter fertilizer vvas banded and 
consisted of37 kg K ha-1 and 17 kg S ha-1 as 0-0-
40-15. Tvwsources ofN, a90-dayreleasepolymer 
coated urea (PCU) and an uncoated urea were 
compared across several rates and timing schemes 
in all three years. In 2006/2007 tvvo additional 
treatments compared an additional N source, 
Nutrisphere Nitrogen (NSN; Specialty Fertilizer 
Products, Belton, MO) and urea to PCU at the 
same rate at planting. NSN is coated with a soluble 
polymer that is reported to reduce volatilization 
and nitrification (Balderson et al., 2007) and ,vill 
be referred to as a ,vater-soluble PCU (WSPCU). 
The three N sources applied at planting were 
banded 5 cm to the side and 5 cm below the seed. 
PCU and urea applied at emergence ,vere 
broadcast by hand on 16 June, 8 June and 21 June 
in the three consecutive years. Urea applied at 
prebloom was sidedressed by hand on 29 June 
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2005, 28 June 2006, and 5 July 2007. Emergence 
and sidedress N applications vvere cultivated or 
irrigated into the soil within one day of application. 

For measurement of soil-\vater NO
3 

concentration, 
suction cup samplers ,vith a porous ceramic cup 
(1 bar high t1oiv, Soil Moisture Equipment, Santa 
Barbara, CA) were installed 120 cm vertically 
below the soil surface in each plot according to 
methods described in Zvomuya et aL (2003). 
Samplers were installed ,vi thin one ,veek of 
planting in four replicates of each treatment. A 
suction of 40 kPa ,vas applied by hand pump to 
collect soil water draining through the soil at the 
depth of installation. A depth of 120 cm ,vas 
assumed to be sufficiently below the root zone so 
that NO

3 
in the soil ,vater was therefore leached. 

Soil ,vater samples ,vere collected approximately 
once a ,veek during the grmving season or more 
often if drainage vvas suspected to occur, such as 
after 1 cm or more of rain. Sampling began 2-3 
weeks after planting and continued until ground 
freeze in November. Several samples ,vere also 
taken after ground thaw during the follmving 
spring to determine residual soil-water NOY 
although these were not used in leaching 
calculations. S ainples were kept frozen until 
analysis and NO

3
-Nwas detennined ,vith aHach 

DR4000 or DR.50000 spectrophotometer (method 
10049, Hach, 2005). 

Soil moisture measurements were taken in tillage 
plots with a neutron probe (503DR Hydroprobe, 
Martinez, CA) in order to estimate stored soil 
,vater. One access tube made of galvanized steel 
electrical tubing was installed in the center of each 
tillage plot to an approximate depth of 2 m below 
the top of the soil within one week of planting. 
Soil moisture measurements ,vere made for the 
top 120 cm in the soil, with readings taken every 
24 cm beginning at 12 cm belO\vthe soil surface. 
Readings ,vere taken once a ·week or more often 
if a drainage event was thought to have occurred. 
\Vhen evapotranspiration \Vas low in the fall of 
each year, the soil vmter field capacity vvas 
determined for each tillage plot. For Verndale 
sai1dy loam, the average available water capacity 
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is estimated to be 12.6 cm of water in the upper 
120 cm of soil (Aldeen, 1991) but more precise 
measurements vvere needed. When antecedent 
moisture conditions ( approximately 9 cm of water 
in 100 cm of soil) were relatively high preceding 
a significant rainfall event(> 3 .8 cm for this study), 
field capacity \Vas assumed to have been exceeded. 
This allowed an estimation of field capacity after 
drainage occurred for at least 24 hours. For 
calibration purposes, soil samples ,vere collected 
during installation of the access tubes and soil 
water content determined at depths corresponding 
to the depths atvvhich neutron probe readings vvere 
taken in all years. Additionally, calibration 
equations \Vere detem1ined ·with methods similar 
to those in Douglass (1966). Three major horizons 
of soil (Ap, Bt andBvv horizons) at the study site 
were excavated, air dried and repacked into 200 
liter chums. Measurements taken in dry soil and 
at sah1ration (after knmvn amounts of water were 
added) and at several levels in behveen \Vere 
related to soil wetness as determined by time 
domain reflectometry in order to calibrate the 
neutron probe for each specific soil horizon. 

Daily ,vater percolation at 120 cm belo,v the dry 
bem1 crop was determined \Vi th the ,vater balance 
equation as presented in vVaddell et al. (2000) and 
field measurements of soil moisture. The water 
balance behveen two consecutive days was 
calculated as: 

D=P+I-E-iS [l] 

where D was the amount of daily drainage, P was 
precipitation, I \Vas irrigation vvater applied, Evvas 
evapotranspiration, and ''S ,vas the change in soil 
water storage between 1::\vo days. The E values 
were calculated as a product of the potential 
evapotranspiration (E

0
) estimated by a modified 

Jensen-Raise equation (Killen, 1984) and the crop 
coefficient (Kc) at a given crop developmental 
stage. The change in soil water storage vrns 
corrected by field measurements of soil moisture 
when measurements were available. Initial water 
storage at the beginning of the seas on and 
maxin:11m1 ,vater storage on any particular day ,vas 
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equal to the calculated soil ,vater holding capacity 
of the 120 cm soil profile. Cumulative water 
percolation over the growing season \Vas the sum 
of all percolation events from planting until 3 0 
November of each year. 

To determine the daily N0
3
-N leached, water 

percolation was converted to a volume basis, and 
multiplied by the NO

3
-N concentration of the soil 

,vater on that particular day. Since soil water 
samples were not taken on a daily basis, water 
NO

3
-N concentrations betvveen two consecutive 

sampling dates werelinearlyinte:rpolated for each 
day to cover the entire sampling period (June to 
November). The linear interpolation method may 
not account for daily fluctuations in NO 

3
-N 

concentrations, but possible errors vvere 
minimized by sampling at short intervals and by 
maintaining a continuous vacuum in the suction 
samplers. Total NO

3 
leaching losses over the 

grmving season ,vere the sum of all daily leaching 
events during the sampling period. 

97 

Beans were harvested on 16 September 2005, 29 
August 2006 and 7 September 2007. Plants were 
pulled by hand from the center 3 111 of the center 
t\vo rovvs in each plot and threshed in a combine 
to separate beans from plant mate1iaL Harvested 
dry beans were dried at 60°C until 0% moisture 
and then weighed for final yield. In addition, four 
plants from each plot ,vere randomly selected for 
measurement of above ground dry matter and N 
accumulation. Plants ,vere dried at 60°C, and final 
weights for dry matter yield were obtained 
separately for beans and shoots. Beans ,vere 
ground with a Stein Mill and shoots with a \Viley 
Mill to pass though a 2 mm screen. Total Nin 
ground samples was determined ,vith a 
combustion analyzer (Elementar Vario EL) 
following methods inHomeck and:ivt:iller (1998). 
Nitrogen content of shoots and beans vrns 
calculated as the product of dry matter yields and 
percent N. Total N content ,vas the sum of shoot 
and bean N contents. 

After harvest, a composited five soil core sample to 
60 cm depth \Vas collected from each plot to 



Journal of Envircnrrmtal Mrnitaing& Reicraticn5:58-72, 2C08 

detennine the residual soil inorganic N. Soils were 
air dried, ground, and extracted with 2 A1 KCl. 
Nitrate-N and NH

4
-N in KCl extracts were 

determined using the diffusion conductivity 
method (Carlson etaL, 1990). Total inorganic N 
in the soil vvas the sum of soil N0

3
-N and NH

4
-N. 

Data from the study vvere analyzed with replicates 
as a random variable in PROC MIXED (SAS 
Institute Inc., 2004). The 2005 data were analyzed 
separately due to difforences in N treatments from 
the other years. Data in 2006 and 2007 vvere 
combined and year was treated as a random eftect. 
Treatment means ,vere compared using least­
square means and contrast statements (SAS 
Institute Inc., 2004). Fixed effects and mean 
separations v;rith a p-value less than 0.10 ,vere 
considered significant. As described by Littell et 
al. (2006), differences among treatments vvithin 
years (the year by treatment interaction), ,vere 
assessed by year-specific inference using best 
linear unbiased predictors (BLUPs). Pearson 
correlationcoefficientsinPROC CORR were used 
to test for correlations behvee:n variables (SAS 
Institute Inc., 2004). 

RESULTS Al'U) DISCUSSION 

"ffleather and ·water Percolation 
The deviation of precipitation and temperature 
from the 30-yeai- averages areinTable2. Overall, 
all three yeaIS \Vere ,vanner than on average, but 
2005 was ,vetter and 2006 and 2007 were drier 
than ~10nnal conditions. Precipitation totals for the 
grmving season (June -August) vi7ere 29.7, 18.2, 
and 9 .6 cm for 2005, 2006, and 2007, respectively. 
Supplementary inigation supplied ar1 additional 
11.7, 21.4 and 27.5 cm of water in consecutive 

years. Total \Vater supply to the crop (precipitation 
+ iingation) was highest in 2005 and lowest in 
2007. 

Tillage treatments did not significantly affect 
cumulative \Vater percolation, but there tended to 
be differenc~s among years. \Vater percolation 
between planting and ground freeze was lower in 
2006 than in 2007, and total percolation in 2005 
and 2007 ·was similar (total percolation ,vas 30.4, 
21.3 and 30.3 cm in consecutive years). While 
2005 and 2007 were comparable in total 
percolation, ,vater movement over time is mainly 
influenced by rain patterns and inigation, ,vhich 
varied greatly over years (Figure I). In 2005, 
approximately 25% of the total water percolation 
occurred bet\veen planting and application of 
emergence fertilizer, while percolation remained 
relatively unchanged during the same time period 
in the following years (2007 had an initial leaching 
event at planting). Approximately 18, 11, and 11 
cm of vvater had percolated from planting to 
harvest in 2005, 2006, and 2007, respectively. 
Considerable ,vater losses occurred after harvest 
in all three years: 40% in 2005, 48% in 2006, and 
64%in2007. 

Nitrate Leaching 
Nitrate leaching patterns over the growing season 
,vere greatly influenced by the rainfall patterns and 
irrigation of each year. In 2005, approximately 
27~/o of total N0

3 
leached occurred between 

planting and emergence, ,vhile 3 8~-'o occuned after 
harvest (Figure 2). In 2006, only 2% of total 
leaching occurred between planting and 
emergence, while 43% occmred after harvest 
(Figure 3). In 2007, 89,··o of leaching occmred 
bet\veen planting and emergence while 68% of 

Table 2. Depa1iure of rainfall ancl temperature over three years from the 30-year averages for 
Staples, l\fN. 

30-x-ea.:r 

I'v'.tea.n.i 

I:)epa.:1.-t-rn.-e f::1-e>m 1."'l.C)-rma.1 

1',.,.[a,y 

J=e 
Ju.ly 

.A.. u._gu.s 1: 

7 .6 
10.8 
9 .. 0 
-s_o 

"'005 2006 

-2.-4 
-4 .. 4 
-4.5 
-0.8 

Septe:1.-xiber 6 .. 6 2 .. 6 2.9 
C>c·tober 6 .6 0 .2 -2. 1 

N'o-ve:r.n.ber 3 .. 7 3 _9 -1.9 

1Average for the 30 year period from 1971-2000. 
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"'007 

-6 .. 2 
-6..2 
-6.0 

7 .. 5 
3 .. 6 
-3 _5 

98 

Tempe:1.·a.t:-u.re 
30-:fea.:r 

:rv.I:ea.n. 1 2005 2006 2007 

--------------------QC:--------------------
12.:7 -0.7 0.8 1 .. 6 
17.4 2 .. 0 1 .. 0 2.0 
19 .. 8 
18 .. 8 
13..2 
6 .. .5 
-3 .. 0 

-0 .. .2 
.2,_4 
:1.5 
.2 _g 

2._s 
0 .. 7 
-0.3 
-1 .3 
1 .. 7 

1 .. .5 
-0 .. 3 

1..3 
2.2 
0 .. 9 
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total NO
3 

leaching occurred post-harvest (Figure 
4). Differences between N sources generally began 
oce1.uTing bet\veen 15 and 45 days after planting 
(DAP) in 2005, at 70 DAP in 2006 and not until 
108 DAP in 2007. High NO

3 
losses post-harvest 

were not only due to above average rainfall in all 
3 years, but also because soil ,vater NO 3 

concentrations slmvly increased over the season 
to their peak levels after plant senescence and 
harvest ( data not sho\\rn). 

Figure 1. Daily precipitation and irrigation over three years during the growing season and the 
following fall months. Cumulative water percolation below 120 cm soil depth is also presented. 
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Figure 2. Daily and cumulativenitrate(NO
3

) leaching overthe2005 growing season as influenced 
by N source, rate and timing. Emergence applications ofN were either all applied at emergence. 
(PCU) or split applied at emergence and prebloom (urea). 
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Figure 3. Daily and cumulative nitrate (N0
3
) leaching over the 2006 growing season as influ­

enced by N treatment, rate and timing. Emergence applications of N were either all applied at 
emergence(PCU) or split applied at emergence and prebloom (urea). 
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Figure 4. Daily and cumulative nitrate (NO.J leaching over the 2007 growing season as influenced 
by N treatment, rate and timing. Emergence applications of N were either all applied at emer­
gence (PCU) or split applied at emergence and prebloom (urea). 
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iv1eek et al. (1995) reported that approximately 
42 kg N ha-1 as NO

3 
leached from unfertilized dry 

beans in Idaho under normal precipitation 
conditions, which is similar to the NO3 leached 
from 0 N control in 2005. Cumulative NO

3 

leaching in 2006 and 2007 was generally lower 
due to low leaching conditions. In 2005, 
cumulative NO 

3 
leaching was significantly 

affected by N treatments, but not by tillage or the 
tillage by N treatment interaction (Figure 5). In 
general, an increase in N rate caused numerical 
increases in NO, leaching. However, only urea 
applied at 67 kg N ha-1 and the highest rate of N 
(101 kg N ha-1) for both urea and PCU resulted in 
significantly higher NO

3 
leaching compared ,vith 

the 0 N control. N source did not affect NO
3 

leaching at lower N rates, but 101 kg N ha-1 of 
PCU resulted in significantly less nitrate leaching 
than urea at the equivalent rate. Contrast 
statements ,vere used to compare all N rates of 
emergence PCU to all rates of split mea in 2005. 
NO

3 
leaching was significantly reduced with 

emergence PCU compared ,vith split urea. 

Figure 5. Cumulative nitrate (NO
3
) leaching 

over the 2005 growing season and the follow­
ing fall months (planting- 30 November). Bars 
,,1th the same letter are not significantly dif­
ferent (p>0.10). 
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In the two year study over 2006 and 2007, tillage 
and N rate treatments did not significantly affect 
cumulative nitrate leaching most likely due to the 
low leaching conditions. Preplanned contrasts 
were used to further explore the data. All N rates 
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of split urea and emergence PCU were compared 
and emergence PCU resulted in significantly more 
cumulative leaching than split urea Planting PCU 
resulted in significantly less leaching than 
emergence PCU at the equivalent N rate, but it 
could not be compared to split urea There ,vere 
no significant differences bet\veen planting 
applied N sources. 

The contrasting results in 2005 compared ,·vith 
2006/2007 are most likely due to differences in 
leaching conditions. In 2005, leaching occurred 
early in the season, ,vhen soluble mea is more 
prone to loss than PCU. In 2006 and 2007, N 
losses mainly occurred later in the season vvhen 
soil water NO

3 
concentrations with en1ergence 

PCU vvere generally higher compared ,vith split 
mea and planting PCU (data not shown). These 
results suggest that in years ,vhen leaching is high, 
emergence PCU can reduce N0

3 
leaching during 

the growing season, but it may increase leaching 
over split mea in years when high N losses occur 
after harvest. Winter cover crops have been sho,vn 
to reduce NO

3 
leaching following harvest of 

vegetable crops (\Vyland et al., 1996; Brandi­
Dorhn et al., 1997) and may be necessary 
especially follovving PCU N applications. 

\\later sampling resumed the following spring after 
each experiment from ground thavv until the end 
of April. Averaged over experiments and N rates, 
soil water NO

3
-N concentrations were similar for 

emergence applied PCU (3 year mean 13.8 ± 8.3 
mg L-1), split applied urea (3 year mean 14.6 ± 
7.1 mg L-1) and the ON control (3 year mean 13.6 
± 7.6 mg L-1), Soil water NO

3
-N concentrations 

previously fertilized with planting applications of 
PCU and WSPCU in 2006 and 2007 (2 year means 
14.4 ± 4.9 and 13.1 ± 9.5 mg L-1, respectively) 
were generally higher than the O N control and 
planting applied urea (2 year means 9.7 ±4.7 and 
12.3 ± 8.1 mg L-1, respectively). In N treated plots, 
mean soil ,vater NO

1
-N concentrations were above 

the 10 mg L-1 limit, 1.ndicating the importance of a 
subsequent cover crop to reduce NO

3 

concentrations and potential leaching. 
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Nitrogen Accumulation in Above Ground Plant 
Biomass 
Nitrogen accumulation in the grain ,vas more than 
half of the total N uptake in above ground plant 
biomass in all three years. During this time period, 
N accumulation in plant biomass (including plants 
in the O N control) ,vas greater than 7 5 kg N ha-1, 

suggesting that significant amounts of N were 
supplied by mineralization and N') fixation. Tsai 
et al. (1993) reported that N

2
~·fixation and 

mineralization supplied between 64-94% of total 
N in bean plants at varying soil fertility levels. 

In 2005, mean separation tests showed similar 
results for all variables ( shoot, grain and total N 
accumulation) so only total N uptake is discussed. 
Over the growing season, N treatments 
significantly affected total N uptake (Figure 6). 
The addition ofN significantly increased N uptake 
in above ground plant biomass compared ,vith the 
0 N control. Although planting PCU resulted in 
the highest N accumulation, it was not 
significantly different from uptake ,vith split urea 
at 67 and 101 kg N ha-1. With urea applied at 
emergence and prebloom, N uptake increased as 
N rate increased to 67 kg N ha-1 and then remained 
approximately the same at the highest rate. 
Nitrogen uptake did not significantly increase ,vith 
increasing N rate for emergence PCU. Split urea 
applications generally resulted in more N 
accumulation than emergence PCU, but this 
difference ,,ras only significant at 67 kg N ha-1• 

Split urea also resulted in significantly more N03 

leaching than emergence PCU. This trend suggests 
that split applications of urea may have increased 
N

2 
:fixation over emergence PCU and therefore 

more soil water N0
3 

vvas available to plants or to 
be leached. Planting PCU, hmvever, resulted in 
higher N accumulation than split urea at the same 
N rate, and lmver N0

3 
leaching. \\7hile these 

differences were non-significant, the trend 
suggests that planting PCU may be more optin1al 
for bean production compared 'Nith emergence 
PCU in leaching years. 

In 2006 and 2007, N treatments significantly 
affected grain N content, but shoot N content ,v as 
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only affected by years. There ·was a significant N 
trea1ment by year interaction for total N uptake. 
Due to the methodology in PROC 1v1IXED, mean 
separations tests cannot be performed on 
interactions that are specified as random, so best 
linear unbiased predictions (BLUPs) for 
trea1ments in each year along with their standard 
errors are provided in Figure 7. Using contrast 
statements as suggested in Littell et al. (2006), 
the interaction was found to be due to differences 
in emergence or later N applications. In 2006, total 
N uptake in split.urea treatments ,vas significantly 
higher than emergence PCU treatments, but in 
2007, there ,vas no difference between sources at 
equivalent N rates. There ,were no differences 
between N sources ,vhen applied at planting in 
either year. 

Figure 6. Total nitrogen (N) uptake in 2005 in 
above ground plant biomass (shoots+ grain). 
Stacked bars with the same letters are not 
significantly different (p>0.10) and refer only 
to total N uptake. 
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Average shoot N content in 2006 (43.9 kg N ha~1) 

,vas significantly higher than in 2007 (25.8 kg N 
ha-1), but shoot N was not significantly affected 
by N treatments. The addition ofN significantly 
increased N content in the grain over the zero N 
control, except the lo,:vest N rate (34 kg N ha~1) of 
emergence PCU (Figure 8). Grain N content vvas 
generally the highest with planting N applications, 
although grain N uptake with split urea and 
emergencePCU at 101 kg N hff1 and splitureaat 
67 kg N ha-1 ,vas not statistically different. Overall, 
planting vVSPCU, PCU and urea resulted in 
similar grain N uptake. Based on a contrast 
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statement comparing all split urea treatments to emergence PCU treatments, the split urea resulted in a 
significantly higher grain N content than emergence PCU. 

Figure 7. The significant N treatment by year interaction for total nitrogen (N) uptake in above 
ground plant biomass (shoots+ grain). 
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Figure 8. Grain nitrogen (N) content in 2006/ 
2007 as affected by N source, rate and timing. 
Bars with the same letters are not significantly 
different (p>0.10). 
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In two dry years, emergence PCU generally 
resulted in less N accumulation and more NO3 

leaching compared with split urea, although 
differences were not always significant. Planting 
PCU, hmvever, typically resulted in similar N 
accumulation and NO

3 
leaching to both planting 

and split applied urea. Combined with results from 
2005, PCU at planting may be more optimal for 
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bean production compared ,vith emergence 
applications regardless of leaching conditions 
during the grmvi.ng season. 

Residual Soil Nitrate 
h12005, the tillage by N treatment interaction ,vas 
significant for total inorganic N in the soil (Figure 
9). Soil NO3-N, hmvever, was not significantly 
affected by N treatment or tillage or the interaction 
between the two, so differences in total inorganic 
N were mainly controlled by differences in soil 
NH4-N. With deep tillage, differences bet\veen 
emergence applied N sources were only found at 
the high N rate, ,vhile only tl1e low rate resulted 
in significant differences in shallow tillage. In both 
cases, residual soil N ,vas significantly higher with 
emergencePCU. Total soil Nforplanting applied 
PCU \Vas similar to the O N control in both tillage 
treatments. 
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In 2006 and 2007, soil NH
4 

was approximately 
66%-75% of total inorganic N. Large leaching 
events occuned behveen harvest m1d soil sampling 
and may have moved significant amounts of soil 
NO

3
-Npast the 60 cm sampling depth. There,vere 
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significant differences behveen years for total soil 
N and soil NH

4
-N, but not soil N0

3
-N. Total soil 

inorganic N ,vas 72.9 and 140.9 kg N ha-1 in 2006 
and 2007, respectively, ,vhile soil NH

4
-N ,vas 48.0 

and 112.4 kg NH
4
-N ha:-1in consecutive years. Soil 

NO
3
-N averaged 26.9 kg N0

3
-N ha-1in both years. 

Nitrogen treatments and tillage did not 
significantly affect residual soil inorganic N levels. 
Other studies that have reported much higher 
postharvestsoilNO

3
-Nlevels compared ,vith the 

present study. Kimura et al. (2004) reported 61-

79 kg N0
3
-N ha-1 in the top 90 cm of a clay soil 

after harvest of unfertilized common bean. ::Meek 
et al. (1995) also studied unfertilized dry beans 
and reported 76 and 97 kg NO

3
-N ha-1 in the top 

60 and90 cm of a silt loam soil after harvest. Soil 
NH4-N was not presented in either study. In the 
ctm-ent study, it is unclear as to why there ,vas 
significantly more soil 1\TH

4
-N in 2007 compared 

,vith 2006, but it is possible that there was more 
mineralization in 2007. Initial soil samples before 
planting also sho,v higher soil J\TH

4
-N in 2007. 

Figure 9. The interaction between tillage depth and N treatment on total soil inorganic N in the 
top 60 cm after harvest in 2005. Stacked bars with the same letter (including both tillage depths) 
are not significantly different (p>0.10). 
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CONCLUSIONS 

This study was conducted to examine the effects 
of tillage and a PCU on kidney bean production 
in :rvfinnesota. Under the conditions of this study, 
tillage treatments did not significantly affect ,;:\rater 
percolation, plant N accumulation, nitrate leaching 
or the residual soil inorganic N except in 
combination withN treatments. During the study 
period, residual soil inorganic N vms not affected 
by N source, but post-harvest soil N levels were 
relatively high and may require a cover crop to 
recover N to reduce N0

3 
leaching. In two dry 

years, WSPCU applied at planting resulted in 
similar grain N uptake and leaching as planting 
applied urea and PCU. Under the same conditions, 
PCU applied at emergence tended to result in 
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lower grain N accumulation and more N0
3 

leaching compared ,vith split applications of urea. 
In a ,vet year, ho,vever, emergence applied PCU 
significantly reduced N0

3 
leaching ,vhile plant N 

uptake,vas similar to split applied urea treatments. 
PCU applied at planting resulted in similar plant 
or grain N uptake as split applied and planting 
urea at equivalent N rates, and generally reduced 
N0

3 
leaching (although not always significant), 

regardless ofleaching conditions. Combined with 
grain yield and monetary return data (Wilson, 
2008), planting appliedPCU has sho,vn promising 
results for replacing soluble N sources to reduce 
N0

3 
leaching ,vhile maintaining yield. Further 

studies need to test the effect ofWSPCU on grain 
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yield and nitrate losses under leaching conditions. 
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A Con1par ison of Techniques for 
Deter111ining Nitrogen Release fro111 
Polyn1er-coated Urea in the Field 
Ivielissa L. \Vilson, Carl J. Rosen\ and John F. Moncrief 
Department of Soil, Water, and Clir:nate, University of Nlinnesota, 1991 
Upper Buford Circle, St. Paul, MN 55108 

Additional index ,vords. controlled-release fertilizer: nitrogen release characteristics, mesh 
bag: potato! \veight method 

Abstract.Although laboratory analyses of nitrogen (N)release from polymer-coated urea 
(PCU) are available for most brands of PCU, data are lacking for release patterns under 
Celd conditions. Release rate studies for PCU are often time-consuming and expensive as 
a result of the need for multiple chemical analyses. \Ve compared the N release using a 
weight loss method with a direct chemical analysis method for two tyl)eS ofPCU (Agrium 
PCU! Agrium U.S. foe.; Kingenta PCU, Shandong Kingen ta Ecological Engineering Co.: 
Ltd.). ThePCU prills ,vereplaced in a mesh bag and N loss from the pri11s over time ,vas 
determined indirectly by loss in \veight. The N content oft he pr ills \Vas determined by the 
combustion method to verify the ,veight method technique. A second study was con­
ducted to determine if the type of mesh bag material affects the percentage ofN released. 
For this study, mesh bags ,vere constructed from t,;.vo different materials ,;.vith t\vo 
different hole sizes and total amount of open area. Overall~ regression analysis suggested 
that the percentage of N released as estimated by the weight method and combustion 
method was not signi Ctantly different over the growing season for t\vo types of PCU. The 
mesh bags made of the material \v-ith smaller holes and less open area resulted in 
signiCcantly less N release than the material with more open area and larger holes. 
Overall~ these results suggest that the ,veight method can be reliably used as a substitute 
for chemical analysis to determine N release characteristics of PCU, but mesh bag 
1naterials must be taken into consideration to reduce errors. The best technique to 
determine N release may be one that does not include a mesh bag; hmvever ~ until that 
method is developed~ using a larger hole size is recommended. 

Controlled-release fertilizers are being 
used more :frequently for crop production in 
an effort to improve plant nitrogen (N) use 
efCtiency and reduce nitrate leaching. Po1y­
mer-coated urea (PCU) is a controlled-release 
fertilizer that releases N over time. The suc­
cess in improving Nuse e±Thiency depends on 
matching N release ,vith N demand by the 
crop (Shaviv, 2001). TI1rough manipulation 
of the coating, manufactmers have control 
over N release patterns in PCU that can 
be matched to the uptake of speci Cc crops 
(Trenkel~ 1997), and cunently there are a 
variety of brands available with differing N 
release characteristics. 
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Although there are many types of PCU 
available to crop producers! there is a lack of 
knowledge about N release patterns under 
Celd conditions, Conventionally, dissolution 
of urea in PCU is determined from a s-tatic 
test in "1.Vhich PCU is dissolved in water and 
the refractive index of the solution is deter­
mined as a :nmction of time (Salman et al., 
1989). These laboratory measurements m:e 
often the o:nly information available to con­
sumers about PCU N release characte1~stics, 
althou2:h there is generally a lack of correla­
tion b;t\veen the;e and D:ld measurements 
(Trenkel, 1997). 

Several studies ha-ve reported patterns of 
N release using varying techniques~ but no stan­
dardized test exists. Simonne and Hutchinson 
(2005) used pot-in-pot trials in the Celd to 
measure the number of days needed to 
recover speci Cc amounts of ·applied N. In 
that study~ leachate srunples were collected 
from the lo,ver pot and analyzed for recov­
ered NOyN and NH:i-N, TI1e most common 
technique, hovveveT, is to enclose a knO\vn 
amount of PCU into a bag of porous mate11 al 
and bury it in the Celd. These mesh ba2:s are 
removed over time to estimate N loss. Hovv­
ever, the t:yl)e of materia1 used for mesh bags 
and the deterrnination of N loss varies by 
study. Pack (2004) used cheesecloth and then 
ground the PC,:U prills to dissolve the remain­
ing urea in a known amount of vrnter. TI1e 

solution was then analyzed by a total Kjel­
dahl nitrogen method (TKN). Gandeza et al. 
(1991) and Zvomuya et al. (2003) used 
plastic mesh and directly analyzed the prills 
by TKN. Savant et aL (1982) and Salman 
et al. (1989) used nylon screen and deter­
mined the loss of urea by the loss of weight 
from the prills. Although the two ,veight loss 
studies were conducted in soil, they \Vere not 
conducted under Celd conditions. 

With the exception of the latter t\vo 
studies~ the percentage of N released from 
J?CU ,vas determined with chemical analysis. 
,vhich can be expensive and time-cornmn:;ing: 
The weight method presented in Savant et al. 
(1982) may reduce the costs of a PCU release 
rate study, but it has not been validated \vith 
chemical analysis. 

TI1e reliability of the method also depends 
on the material used for the mesh bags that 
enclose the fertilizer. For instance, a proper 
material shouldallosvthe J?CU to be exposed to 
soil and the same moisture conditions that 
afl:ect the intended crop. A material ,v:ith hole 
openings that a1e too small may reduce expo­
sure, vdre.reas one with large openings may 
allow fertilizer to fall out of the container. 

The objecti-ves of this study were to 1) 
compare the weight method "l.vith direct chem­
ical analysis for determining N release charac­
teristics of PCU; and 2) determine the dlect of 
mesh bag material type on N 1dease from PCU. 

J\.faterials and Methods 

Field experiments ,vere conducted over 
the 2007 g1mvi11g season as part of a larger 
study to evaluate PC,:U rate and timing at the 
Sand Plain Research Fam1 in Becke1\ lvfN. 
The soil at this site is a Hubbru·d loamy sand 
(sandy~ mixed! frigid Typic Hapludoll). TI1e 
expetimental crop was '·Russet Burbank' 
potato (Solanum h1berosum L.) planted on 
26 Apr. and hiHed at emergence on 15 May. 
TI1e crop ,vas irrigated according to the 
checkbook method (\Vright! 2002). Details 
of management and cultural practices can be 
found in Wilson (2008). 

Tvlo experiments \Vere conducted: 1) to 
test methods of detennining the percent of N 
released (%NK) from PCU; and 2) to test the 
effect of mesh bag materials on N release, 
Two types of PCU \Vere tested in the 0-st 
expe11ment. The O:st \Vas a 90-d release PCU 
( 44-0-0) marketed as Environmentally Smart 
Nitrogen from Agrium U.S. Inc. (Denver, 
CO) (Agrium PCU). The second was a 90-to 
120-d release PCU (42-0-0) produced by 
Shandong Kingenta Ecological Engineering 
Co., Ltd., (Linyi, Shandong, China) (King­
enta PCU). The release pe1fods listed are 
those reported by the manufacturer. 

The second experiment tested two differ­
ent types of material for construction of mesh 
bags. On1y Agrium PCU ,vas used in the 
second experiment. The [ht material ,vas 
polyprnpylene mesh (Industrial Netting, 
J\rfim1eapolis, rv1N) with 1.2-mni hole open­
ings and a 43~,o open area (this \Vas also the 
material used in the O·st experiment). The 
second was "I.Veedblock landscape material 
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(Easy Gardener \Veedblock Fabric, \Vaco, 
TX) from a local hardvrnre store made of 
polyethylene ,vith a hole size of 1 !0.07 mm" 
and an open area of 24%. For both experi­
ments~ mesh bags \Vere i :10 cm O 10 cm and 
heat-sealed ,vith an impulse sealer (ULlNE~ 
Chicago~ IL) along three edges, Finally, 3 C 
0.0002 g of PCU (: i 174 and 113 p1~1ls for 
Agrium and Kingenta PCU, respectively) 
,vere placed in the bags and then the open 
side ,vas heat-sealed. 

The experimental design for both experi­
ments was randomized complete blocks. The 
0:-'St experiment had three replicates, ,vhereas 
the second experiment had two replicates. 
Each replicate consisted of 10 bags that \Vere 
buried in the potato hill and subject to the 
same temperahire and moisture conditions as 
fertilizer placed in the hill. In Expt. 1~ King­
enta PCU ,vas buried in the Celd 6 d before 
planting on 20 Apr. to a depth of 5 to 10 cm~ 
because potato hills were not formed until the 
day of planting. This treatment \Vas intended 
to simulate a preplant application of PCU. 
Agrium PCU \Vas buried at planting on 26 
Apr. to the depth of the :fertilizer band (i :25 
cm) to simulate a banded PCU application. 
Kin.Q:enta PCU mesh baQ:s \Vere then tmns­
frr:r~d to the plots and buried at 5 to 10 cm in 
the potato hill. Although the dates and place­
ment of mesh baf!s \Vere different for each 
mateda1~ these differences should not affect 
achieving the objectives of this study. In 
Expt. 2, 1nesh bags of each type ,vere buried 
on 15 May I 15 cm belo\'V the top of the hill to 
simulate N release from Agrium PCU applied 
at emergence. For both experiments, one 
mesh bag was retrieved from each replicate 
at ' '2-,veek :intervals until the end of the 
grmving season. Fertilizer prills \Vere air­
d11ed in the mesh baQ:s for a minimum of 
14 d before processing. TI1e pril1s ,vere then 
removed mmma1lv from. each mesh bag:, 
separated from soit and then weighed. - · 

T'-VO different methods \Vere used to 
cak:ula:e ~/o~ over t~e courne of~he .grov,;ing 
seasonm the ust experiment. TI1e L.rshs a mod­
i Ced technique (Savant et al., 1982) usfog the 
change in pri11 weights over time. First~ the 
,veight oft.he polymer coating in 3 g of PCU 
\Vas detern:nne13-1si11g tl1e follo[ling equation: 

F1 . 1: ~ Npcul ' 
Fe 1; F1 : i • : 1: 1 

iNurB 

vvhere F c is the \veight of the polymer coating 
in grams. Fi is the initial amount of PCU in 
th;mesh-bags~ ~:oNpcu is the percent of N :in 
the PCU product, and %Numa is the percent of 
N in uncoated urea. Based 011 the mmmfac­
turer' s N analysis, the weight of polymet· 
coating in 3 g of fertilizer vms calculated to 
be 0.13 and 0.26 g for Agrium PCU and 
Kingenta PCU~ respectivel)7. TI1e ~10NR for 
each sampling date ,vas then detennined by 
the follmv:ing _tquatign: 

L L CC 

1 
F5 i l Fe 

: 1100 

,vhere '}oNR,,v is the percent of N release as 
determined by the vveight method, F,_ is tl1e 

HoRTSC1ENCE VOL 44(2) APRIL 2009 

weight of the PCU on the sampling date,Feis 
the \Veight of the polymer coating: and Fi: is 
the initial amount of PCU in the mesh bmL 

For the second method, '}~NR was deter­
mined by chemical analysis. Fertilizer pri11s 
from each sampling date were air-dried, 
crushed in a mortar and pestle, and then N 
\Vas detennined using a combustion analyzer 
(LECO FP-528 Total Nitrogen Analyzer; 
LECO~ St. Joseph1 :MI) fo1lm:ving the general 
methods for plant material in Homeck and 
11Iiller (1998). The N found by combustion ,vas 
multiplied by the weight of fue pri.11 sample to 
determine N content remruning in the prills. 
The ?<{iNR for each sampling date was then 
determined. bv the fo11mving equation: 

"CJ O 00 
O'Nm 1 =,·.: Ns /o ~D.C l . 

Ni 
j :100 

"\vhere ~'oNRc is the percent of N release as 
determined by the combustion method! N 5 is 
the N content in !:trams of the PCU on the 
sampling date~ and N1 is the initial N conte:nt 
in 3 g of PCU as determined by combustion. 
TI1e actual N concentration in the prills on 
Day O before mesh bag burial ,:vas 44.5% 0 
0.2%> for Agrium PCU a11d42,8% 00.6% for 
Kinienta PCU based on combustion analysis. 
Onl;T the \Vefa:ht method was used to d;ter­
min~ %JNR it; the second experiment. 

Pearson co1Telation coefC::Cients in PROC 
CORR ,vere used to determine the associa­
tion between the weight and combustion 
methods of calculating ~.,oN"R and PROC 
REG was used to Q a linear regression line 
to the data (SAS Institute Inc~. 2004). To 
further compare the tvlo meth~ds in· each 
experiment, %NR was also plotted as a 
function of days after planting (DAP). On 
the dav that mesh ba2s \Vere buried. N release 
was a;sumed to be ;ei·o. Regressi~n models 
\Vere Q for each treatrnent and analyzed in 
PROC 1v1IXED (SAS Institute Inc.,"· 2004). 
This method compares intercept and slope 
coef[bients of lines to determine if they are 
statistically difforent. CoefGients yvere co;n­

sidered signic:::tantly different at probability 
levels less tha:n Y%. 

Results and Discussi011 

Expt. 1: Iviethods to determine percent 
nitrogen release from polymer-coated urea. 
TI1e ,veight and combustion methods of 
detennining the percent ofN release ((}'oNR) 
,vere highly con·elated (P < 0,0001) for both 
Ag-rium and Kingenta PCU with conelation 
co'-'efCtients grea~r than 0.999 (Figs. 1 and 2! 
respectively). For both PCU s, the slope of the 
regression line was also near 1 0 0.05. This 
indicates thatthe ~-;NR on each sampling date 
,vas at an approximate 1:1 ratio, ,vhich also 
meam that predicted %:,NR by each method 
\Vas similar at every sampling date. A slope 
belmv or above 1 vwuld imply that one 
method produced higher or lower values thm1 
the other method. 

To further explorn if N release found by 
each method was similar, equations ,vere Q 
to each data set as a function of DAP. For 

100 - PCU ..,. Agr1um I 80 yo; u + o.ooox 
~ 
'8 f>Jj 

i 40 
l! Pearson 

Cormlatfon Coafflcleiit 
r •0.9994 z 20 

0 "-------..... <_0_.0_00 ....... 1 _~ 
0 20 40 eo ao 1QO 

Comblffltlon Mfrltlod (%MR} 

Fig. L The correlation bet,veen two different 
methods for determining percent N release 
(~ioN"-R) for Agrium polymer-coated urea 
(PCU) incubated at the fertilizer band depth 
of the potato hill. Each point represents one 
paired observation. 
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.s::: 
t::ia 

20 j 
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0 

hau-.on 
CcrrelaUon Coefflelent 

r= 0.9998 
< 0,0001 

20 40 tlO 80 100 

Combu:stlon J&rthod (%MR) 

Fig. 2. The correlation betiveen hvo different 
methods for determining percent N rele, 
(%N"-R) for Kingenta polymer-coated m 
(PCU) incubated at the fertilizer band depth 
of the potato hill. Each point represents one 
paired observation. 

Agrium PCU~ a quadratic equation n1odeled 
the response of N release rate with time (Fig. 
3). Gandeza et al. (1991) and Zvomuya et al. 
(2003) also reported a quadratic release 
model for %l'-.l"R. of a different PCU. For 
Agrium PCU, the slope and intercept coef:­
c:::tients from each method ,vere not sfani CJ. 
cantly different (P > 0.10). PercentN release 
peak~d at: 197~/;; behveen 135 and 140 DAP. 
Nitro2en release from PCU most likely 
reach;d a plateau after this point becam-e 

'!!'t/> 100 
or.; Agrium PCU 
!eo 

• CQmbu.ttrm lllllilChod 
o Wilgtrl:llllfllhod 

- Cembu•t.lon lhdhod 
, .. ..(I.OOll1r+'l.h-11.:s r•o.n 
....... W;l~Mlfllhod 

Y"'.0,ll~+1.b.,..A ,-.,IU.\l .0. .J.....;,.._,,......_ __________ ---1 

0 :20 40 ao oo 100 120 140 um 
Daye after pla.Mlng {DAP) 

Fig. 3. Percent of nitrogen release (~·oNR) as a 
quadratic function of days after planting (DAP) 
for Agrium polymer-coated urea (PGU) incu­
bated at the fertilizer band depth of the potato 
hill. Each point represents the mean and 1 SE. 
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D 50 100 150 200 

Days after planting {OAP) 

Fig. 4. Percent of nitrogen release (~oNR) as a 
line.ar function of days after planting (DAP) for 
Kingenta polymer-coated urea (PC.U) incu­
bated at the fertilizer band depth of the potato 
hi!L Each point represents the mean and 1 BE. 

~ 100 
Mawri~I l 80 Comparison 
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Fig. 5. Percent of nitrogen release (~;oNlQ as a 
quadratic function of days after planting (DAP) 
for Agrium polymer-coated urea (PCU) as 
inwenced by mesh bag material. Each point 
represents the mean and 1 SE. 

the fertilizer cannot release more than l0tYVi,. 
For Kingenta PCU. '}i>NR \Vas found to be a 
linear fi.;nction of DAP (Fig. 4). Again, the 
slope and intercept were not signi[bantly 
different between methods. The linear re­
sponse suggests that the peak <;.'o1\1R had not 
been reached hy the last sampling date. Both 
methods resulted in similar <;,'oNR over time 
for the tvvo different types of PCIJ, although 
N release patterns varied behveen N sources, 
This provides strong evidence that the '-'Veight 
metl10d can be considered a good predictor of 
N release for the products evaluated. Depend­
ing on the coating, there is potential for some 
PCU products to retain ,vater ,vhen air-dried: 
which \'vould affect the ,veight and underes­
timate N release usinQ the-"vei2:ht method. 
Hov.rever, \Ve did not e;~counter tlJs as being a 
problem in the present study. 
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Expt. 2: :tvfosh bag material conl)arison. 
The N release of A~rium PCU from two 
different types of mesl1 as a function ofDAP 
was found to Q a quadratic model (Fig. 5). The 
linear coef=:cients of each line were signiO. 
cantly different for each material (P < 0.05). 
The quadratic coetllients were not different 
at P = 0.05, although a trend \Vas noted at P = 
0.07. The constant coefCcients, or intercept, 
'-'Vere not sigruCtantlv different for each mate­
rial {P > 0.10). InitiaI1y~ %NR with both types 
of mesh bags appears to be similar, but after 40 
DAP~ ~'oN'R \v:ith vveedblack was lower than 
\Vith polypropylene mesh, After removing 
mesh bags from the potato hill, p1iJls in the 
weedb1ock bags \Vere typically cleaner than 
prills in polypropylene. This suggests that the 
polypropylene mesh allowed prills to come in 
closer contact to the soil compared \vith '-'Veed­
block bags and may explain the difference in 
%N'R. Because PCU pri11s are in complete 
contact \\'1th the soil w·hen applied to crops, 
polypropylene mesh may provide a better 
estimate for actual N release in the soil than 
"veedblock bags. Pack (2004) used cheese­
cloth as a material for mesh bags, which '-Vould 
also prohibit contact \vith the soil~ but the 
methods in that study required 200 g of soil to 
be placed in the bags vvith the fertilizer . 
Although this may solve the problem of pri11 
contact ,vith soil, reiuo'ving the prills from the 
soil may be more time-consuming and it is 
unclear if,vater movement into the ba2: vrould 
be affected. When developing a stand~d pro­
cedure for N release :from PCU, further 
research should consider the effect of mesh 
bag materials or if inclusion of soi1 in the bag 
further enhances N release. The best technique 
for detemiining N release characteristics of 
PCU in the soil may be one that does not 
include a mesh bag. Ho\vevet\ until that 
technique is forther developed, using the 
largest possible hole size is recommended. 

Conclusions 

TheN release characteristics of hvo PCUs 
were determined with the wei2:ht method and 
by combustion analysis. Both methods 
resulted in the same percent N release over 
time for both N sources. vvhich sugiiests that 
the mesh bag \Veight m~thod can b~ reliably 
used for determining PCU N release charac­
teristics. TI1e effect-~£ mesh bag: material on 
N release of PCU was also exa-rcined. \Veed­
block material! which has smaller hole open­
ings and less total open area~ resulted in 
signiCbant1y lmver N release over the grov.r-

ing season than a polypropylene mesh with 
larger hole openings and more open area. The 
difference bet\:veen materials \Vas most likely 
the result of hole size, which restricted the 
interaction benveen soil and fertilizer. vVhen 
conducting mesh bag experiments to deter­
mine N release characteristics of a PCU, it is 
important to choose a material that \,v'ill not 
limit exposure to water and soil. 
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Costs of Groundwater Nitrate Contamination: 
A Survey of Private Well Owners in Central Minnesota 
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This fact sheet is a summary of: A.M. Le\v'ando,,:skt B.R Montgomer>~ C.l Rosen, and lE Moncrie:[ 2008. Groundwater 
nitrate contamination costs: A survey of private well owners. h1mal cf Soil and Water Cmsa;,atim (2008. 63:153-161). 

Background and methods 
More than 700,,~ of l\!linnesotans get their drinking 
\vater from gro1md;,;vater, including more than one 
million people \vho rely on private ,vells. Statewide, 5% 
to 109,/o of drinking ,vater ,veils have nitrate-N (NO 

3
-

N) concentrations that exceed the health standard of 
10 ppm (mg/L)1. Risk of contamination increases in 
areas of sandy glacial out\vash deposits \Vhere drinking 
\vater is often drmvn fi.-om surCcial aquifers, i.e . ., aquifers 
above bedrock ,vi.th no clay or rock conChing layer 
protecting them from contaminants in surface recharge 
\Vater. fvfethods for assessing the extent and magnih1de 
of contamination are limited, and little is ktww11 about 
well mvners' responses to documented or perceived 
NO 

3 
contan1ination. 

\Vith the presence of NOv vvell mvners may incur direct 
costs related to treatment systems, well replacement~ 
and purchasing of bottled ,vater. The objective of this 
study ,vas to quantify actual mnounts spent by private 
well mvners in the glacial outwash soils of :rv1innesotain 

response to elevated N0
3

• Understanding these direct 
costs of NO 

3 
contamination can help planners justi:(yand 

allocate the costs of preventing contamination through 
education, technical support, and Cl1ancial incentives. 
The study also demonstrates a low-cost method for 
representative sampling of private vvells. vVell o-w11ers 
\Vere identiCed using county land parcel lists, and water 
samples ,vere collected using mailed NO 

3 
test kits rather 

than on-site visits. 

vVe mailed questionnaires to 800 p1ivate ,vell ovv11ers in 
the central sand plains of ~/I.innesota. The survey asked 
about \Veil characteristics, NO 

3 
testing, and cost:: "f 

actions taken m response to elevated NO 
3

. The resp 
rate vvas 60%>. Respondents ,vere sent ,vater sample 
bottles, of which 77% \Vere returned for nitrate testing. 

1 MinnesotaPollution ControlAgency. 2006. Chapter9:Agricultural 
nutrients. In l'vfumesotas N onpo:int Source 1'.Janagement Program 
Plan. http://\\'\V\\qJcastate.mn.us/-vi:Titer/ nonpoint/ mp1an.html 

Well characteristics 

Rg.1. "How deep is your well?" Rg.2. "How old is your well?" About 6% of wells had greater than 10 ppm 
N0

3
-N -aratecomparable,vithresults :from 

other studies in Minnesota. Surprisingl)-; 
the prevalence of high-N0

3 
vvells did not 

differ behveen sand point and drilled ,veils. 
Elevated NO. concentrations ,vere more 

D:m't know 
16% 

More than 
300 ft, 2% r-

101 to 300 ft\ 
23% 

Rg.3. "How is your well constructed?' 

Don't know 
Dug or augured 

<0.5% 

Driven or 
sand point 

22% Drilled 
65'% 

More than 

15 to 30 yr 
37% 

Don't know 

Less than 
15 yrs 
43% 

Sand point wells are 
becoming less common. Of 
,vells more than 30 years 
old, 53?/o are sand points 
and 27°./o ,vere ch·illed. 0 f 
\Vells less than 15 years old, 
only 9?r·o are sand points 
and 79'Yo ,vere drilled. 

5 

common in wells where the principal land 
use within a quarter mile was agricultural 
and in ,veils greater than 30 years old. 

RgA Well water nitrate-N concentrations. 

Greater than 10 ppm 
6% 

5.1 to 10 ppm, 5%., ' 

1.1 to5ppm 1 13% Oto 1 ppm 
76% 



Well water testing 

The },,11innesota Department of Health recommends a routine NO 
3 

test every 
t\vo to three years for private wells used for ch-inking,vater. Only29% of those 
surveyed had tested their vvell \Vithin the past three years. Of the remainder, 
hvo-thirds did not feel a need to test because either they did not drink the 
water, the vvater was Otered, or they presumed the vvater was [he. Some ,vere 
not aware that their carbon Oters and ·water softeners do not remove NO 

3
. 

Cost and inconvenience were less common barriers to testing. 

Responses to elevated nitrate-N and costs 

The average cost of NO 
3 

contamination is $89 per year per 
vvell. This was calculated by multiplying 

NO3 removal system 

Bottled waters 

New 1NeU 

Nothing 

A.ctions reported by 
all respondents 

(N = 483) 

7.5% 

10.4% 

1.7°/o 

83% 

Fig. 5. "When was your drinking well 
water last tested for nitrate?' 

Within the past year 
10% 

Never! 
14% \ 

More than 10 
years 'ago, 1 3% 

A.ctions reporied by 
owners of 

> 10 ppm NO~-N welts 
(N = 33) 

21.9% 

25.0% 

25.0%" 

37.5% t 

Within the 
last 3 years 
19% 

4 to 10 years ago 
21% 

Average 
initial 
cost 

$800 

$7200 

Pwerage 
annual 

cost 

$100 

5190 

the prevalence of each action among the 
ow11ers of> 10 ppm NO 

3
-N wells by the 

cost of the action. The initial cost of 
a treatment system \Vas spread over 20 
years, and the cost of a ,vell \Vas s1Jread 
over 50 years. \Ve subtracted out spending 
by people vv1th O to 2 ppm NO 

3 
-N (data 

not shovv11) since their spending vvould 
occur even without NO 

3 
contamination. 

9 Ontv indudes those who drink bottled water in response to elevated NO,. Additional 
peopie drink bottled water for other reasons. ~ 
"Al[ 8 respondents vvho said they installed a new well because of elevated NOi were 
included in this high NO, group, even though their water sample (from the nevl we!!) 
tested tow for nitrate. · 
t M. the time of thesmvey, most of this group did not know tt1eir NO,_-N concentration 
was >·10 ppm. · 

Perceptions of water quality 

Although vvater testing rates are low; most homeowners are concerned 
about ,vater quality and feel they have ample opportunities to learn 
about their ,vater quality. 

Fig. 7. "How concerned are you about the follow­
ing water quality issues related to your drinking 
water?" 

Rg. 6. "Do you agree with the following statements?" 

,Agree 

I have ample opportunities to learn 
about the quality of my water_ 

0:ivts are doing an adequate job protecting 
groundwater in my community. 

Disagree Don't know 

Poor drinking water quality has reduced I 
property values in my county. --= ......... = ........ ...._ __ ___, 

Bevated N~ levels have reduced I , I thevalue of my property . ._ ____________ .___ _ ___, 

Drinking water quality in my county I I 
has decreased in the past 10 years. __ ---'-_....._ _____ _, 

rv,v drinking water has decreased I 
in quality in the past 10 years. ~-=' ==:::;:::::::::::::::::;::::====;:=====! 

For Further Information 

0% 25% 50% 75% 100 

Percent of respondents% 

(j) 

t::'. 
-8 

60% L 

8. 
~ 

40% · 0 

fu 
2 20% 
~ 

o~,o 

1v1innesota Department of Health - \VVv'\v:health.state.mn.us/ divs/ eh/ vvater/ index.html 

ffl Not at afl 
concerned 

□ Not very 
concerned 

~ Somewhat 
concerned 

•very 
concerned 

1-famesota Department of Agriculture - \\'\v'\~uncla.state.mn.us/ protecting/ ,vaterprotection/ drink:ing\vater.aspx 

Funding fr this prqje:t v,as pr0vim11112005 by The E nvirmmmt and Natural Rea::un:es Ttust Fund 
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Costs of Groundwater Nitrate Contamination: 
Municipal Water Suppliers 
A fact sheet for city council members, legislators, and 

other decision makers interested in protecting local drinking water. 

Full report available at http://www.mda.state.mn.us/protecting/waterprotection/drinkingwater.htm. 

Concerns about Nitrate in Minnesota Groundwater 
Over 75% of Minnesotans get their drinking w11ter from 
groundwater; and once an aquifer is contaminate~ it may 
be difl]:ult or impossible to clean.Nitrate in ground\-vater 
contributes to "Blue Baby Syndrome~ - a reduction in 
the blood's abilityto carry oxygen ,,,hen infants consume 
contaminated w11ter. Clean w-ater is essential for sustaining 
the long-term social, economic, and environmental health 
of our communities. 

Some Ivfinnesota communities are facing the problem 
of nitrate contamination. According to Minnesota 
Department of Health (tvIDH) data from 1999 to 2004~ 
nitrate-N concentrations above 3 mg/ L ( or ppm) were 
measured by 64 communities serving 226~000 people 
and 24 non-tmmicipal suppliers (e.g mobile home 
parks). Concentrations above 1 to 3 ppm indicate human 
activities have affected the groundwater. Several of these 
communities already :incur cost~ and others may face 
future costs as they take steps to keep drinking \Vater 
nitrate-N levels belo'w the 10 ppm health standard. 

This fact sheet smnmarizes information from intervie,vs 
\vi.th community vvater suppliers that currently have 
expenses directly related to nitrate contamination. They 
serve connnunities of 400 to 3 700 people. Ackr1ovviedging 
that every comtmmity's expenses are m1ique} planners can 
use this infonnation to anticipate future costs and estimate 
the economic value of preventing nitrate contamination. 

We All Pay for Nitrate Contamination 

The costs of nitrate contamination are paid by: 

• Municipal ,vater customers who pay increased rates 
to treat well w1tter or Cnd an alternative source. 

• Consumers ,~110 may suffer health effects. 

• Taxpayer~ v\11en a community loses businesses or 
real estate value because of low ,vater quality 

• :tvIDH (i.e.~ taxpayers) vvhich monitors suppliers and 
enforces Federal Safe Drinking Water Standards. 

• Future generations \Vho have fewer options for 
drinking ,v-ater sources. 

Figure L sandy 
outwash regions of 
Minnesota and the 
cities surveyed for 
this study. 

Costs of Nitrate Contamination to 
Nine Municipalities 

Below are examples of expenses reported by nine ,vat er 
suppliers (Cg. 1). Expenses for other communities may 
differ. This list only describes direct expenses and does 
not account for health effects or losses to the tax base 
that may occur if nitrate contamination limits business 
opportunities. 

Short-term management includes legal requirements 
such as notifying residents of high nitrate concentrations 
and increasing the water monitoring schedule. Other 
potential expenses not reported by any of the survey cities 
may inch1de remediation of contamination, litigation or 
legal opinions~ consulting and engineering fees~ increased 
insurance costs, or decreased property values. 

$360 to $4,000 fa· a ncticcatim a- cr1urntim GlllljEgtl 

N e,v \Vell expenses may include exploratory drilling to 
D.1d a clean aquifer, systems to remove minerals found :in 
deep aquifers, land purchases, drilling and installatj { 
the ne,v \Vet and sealing of the old ,veil. 

$3,000 to$19,000 fer tffit \\tlJS 

$160,000 to $250,000 toin&all and ha.1re a nevY\\dl 
$2 mil to $6 mil to ins:all irm and man.gm.ere rmXJ\ru plant 
$3,000 to srn1 dd \\eil 



Treatment systems - One ,vater supplier in Minnesota 
uses reverse osmosis (RO}, and uve use anion exchange 
(AE) systems. Below are costs for AE; RO costs may be 
three times greater. 

$350,000 to $600,000 fr initial m1s:mdim 
$1,600 to $12,000 annuallyifr &tlt 
$2,600 to$9,600 annuallytcr energy 
$450 to $900 annuallyir regular nitrate tffting 
$600 to $5,400 annuallyfr rcgillar ma:intmance 
$0.82 to$225 tctal tXtra a:sts]Xr 1000 gtls., cXdudinglaoo:· 

Well blending - If a city has multiple ,vells vvith different 
nitrate concentrations1 they may blend water from the 
,veils to produce D1ished ,vater that is safe. Examples of 
annual costs include: 

$3~000 annually:tcr thelalxr tommitcr and 5'\itdi pumps 
$t000 annually fa- 1hquent lab terts to m::nitrr nitrate 
anuntratims 

The Alternative: Wellhead Protection 

Nitrate removal systems treat \vater but do not solve 
the contamination problem. Implementing welli1ead 
protection measures to prevent nitrate contamination can 
eliminate the need for ,vater treatment, or at least reduce 
treatment costs. It also protects drinking ,vater from a 
,vi.de range of potential contaminants. 

Wefil1ead protection planning relies on continued technical 
support from :rvIDH~ :tvfR\.VA, NIDA~ and conservation 
districts. MDH and ivIRWA provide extensive staff time 
on every w-ellhead protection plan. 

City ,vater managers identiCed the following barriers 
to effective ,vellhead protection from nitrate 
contamination. 

• Uncertainty about when and hO\v much of a bene□ 
to expect from protection activities. 

For more information: 

• Competition with other budgetary concerns and 
protection of other natural resources. 

• Lack of authority by the city over the recharge area 
for their wells. Cities must depend on local zoning 
authority; on state and county enforcement of rules 
governing nitrate sources, and voluntary cooperation 
from farmers, homeowners, developers~ and other 
land mvners. 

• Ivfost conservation programs are designed primarily 
to protect soil and surface vvater and are less effective 
for protecting ground,vater. For ex.ample, the federal 
Conservation Reserve Program de[hes the eligible 
w-e1ll1ead protection area in terms of a radius around 
the well rather than in terms of actual underground 
hydrology.: In some cases~ incentive payments may 
not be adequate to allow farmers to take highly 
productive fannland out of production. 

Actions for Local Planners 

• 

• 

• 

Aquifer contamination is persistent so protection 
should be a high budgetary priority in land use and 
water resource planning. 

Detennine the beneO: of prev-ention by estimating 
potential costs of contanrination. 

Contact 1\:IDH and ivIRWA for help developing a 
,vellhead protection plan. 

• Integrate groundwnter protection activities across 
agencies and political jurisdictions. 

Actions for Policy Makers 

• Increase consideration of ground,vater protection 
\\11en designing and implementing conservation 
programs~ especially vvhen de Ching eligible land and 
cost share payments. 

• Account for groundwater protection in local zoning 
and land use planning policies. 

• Continue support for MD H and :NIRWA source 
,vater protection activities. 

Minnesota Department.of Agriculture (~/IDA) ,vwvv.mda.state.nm.us/ protecting! ,vaterprotection/ drinkingwater.htm. 
Includes the full version of this report and a report of costs to private w-ell mvners. 

ivfinnesota Depm1ment of Health (ivIDH) ,v,v\v~health.state.mn.us/ divs/ eh/ ,vater/ s,vp 

Minnesota Pollution Control Agency (NrPCA) 
Ground Water in 1tinnesota: vV\\I\\Zpca.state.nm.us/ wnter/ groundwmer/ 
Clean Water Partnership Program: ,,i\v\v.1)ca.state.mn.us/ vvnter/ cwp-319 .html 

Minnesota Rural Water Association (1\1RWA) \VvV\\m1r,va.com/ source,vater.htm 

A report by the University of Minnesota Department of Soil, Water; and Climate with technical assistance from the Minnesota Department of Agriculture, 
Minnesota Department of Health, and the Minnesota Rural \l\later Association. ~ecial thanks go to the city water managers and other city ofccials who 
provided information for this study. Funding was provided by The Environment and Natural Resources Trust Fund as recommended by the Legislative 
Commission on Minnesota Resources (LCMR). September 2007 





Cost of Nitrate Contamination of Public Water Supplies: 

A Report of Interviews with Water Suppliers 

Summary ....................................................................................................................................................... 3 

Backgrot1nd ................................................................................................................................................... 4 

Examples of Costs of Contaminated Groundvvater ....................................................................................... 7 

\Vellhead Protection .................................................................................................................................... 10 

The Bottom Line: Hmv Much Does Water Cost? ....................................................................................... 13 

References ................................................................................................................................................... 14 

Glossmy a.nd Resources .............................................................................................................................. 15 

October 2007 

A report by the University of Minnesota Department of Soil, Water, and Climate with technical assistance 
from the Minnesota Department of Agriculture, Minnesota Department of Health, and the Minnesota Rural 

Water Association. Special thanks go to the city water managers and other city officials who provided 

information for this study. 

This and other reports about costs of nitrate contamination are available from the Minnesota Department 

of Agriculture at http://www.mda.state.mn.us/protecting/waterprotection/drinkingwater.htm. 

Funding for this project was provided by The Environment and Natural Resources Trust Fund as 

recommended by the Legislative Commission on Minnesota Resources (LCMR) (MN Laws 2005 First 

Special Session, Chapter 1, Article 2, Section 11, Subd. 07i). 

Cost of Nitrate Contamination of Public rVater Supplies Page2 



Responding to groundwater nitrate 

contamination is costly and can be a significant 

financial burden on small towns. For this study, 

managers from seven Minnesota cities ,vere 

intervie\ved and data for t\vo additional cities 

was reviewed to learn how much they spent in 

response to nitrate contamination. The purpose 

was to help other towns anticipate potential 

expenses and justify \Vellhead protection 

activities that prevent contamination. 

The installation and maintenance of :municipal 

nitrate removal systems increase the cost of 

water delivery by fourfold or more. This 

translates into $100 to $200 more per customer 

per year. Even before a treatment system is 

installed~ cities pay for elevated groundwater 

nitrate concentrations through increased costs of 

siting a new well, more frequent nitrate testing, 

and blending water from multiple \Vells. 

Communities may incm additional costs not 

beyond those of supplying water. These include 

costs of health effects, devalued real estate, and 

the loss of foture development if development is 

deteffed by the contaminated \Vater supply. 

Cost of Nitrate Contamination of Public Water Supplies 

Cities ,vi th rising nitrate concentrations may be 

able to avoid spending the $400,000 - or much 

more - needed to install a treatment system by 

working now to protect their aquifer from nitrate 

contamination. The challenge is to motivate 

numerous stakeholders to take actions that will 

have m1 uncertain result and may not pay off for 

years. Because well capture areas (wellhead 

protection areas) often extend outside of city 

limits~ cities have fo.v tools to influence land use 

m1d to permanently protect the well capture area. 

Existing conservation programs are generally 

designed to protect habitat and surface ,vater and 

often are poorly suited to protecting 
·groundv;rnter quality. 

Treatment systems are only temporary solutions 

to maintaining d1inking water quality. \Vellhead 

protection can prevent the need for a treatment 

system or reduce the cost of treatment if a 
system is in use. In addition~ ·wellhead protection 

prevents other types of contamination and 

protects an essential natmal resource. 
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Nitrate Contamination in 
Minnesota 

One oflviinnesota's most valuable ,vater 

resources are the aquifers that supply drinking 
water to over 70% of the state's residents. 
Nearly all of the state's 954 community water 

supply systems use grmmdwater, and some have 
nitrate concentrations elevated above natural 
background levels. According to a Minnesota 
Department of Health dataset from 1999 to 
2004, nitrate-N concentrations ,vere above 3 

rng/L ( or ppm) in the ,vater supplies for 64 

commlmities serving 226,000 people and 24 

non-municipal suppliers (e.g. mobile home 
parks). Unless groundwater protection steps are 
taken, these communities may face rising nitrate 
concentrations in the future. According to the 
same dataset, nitrate-N concentrations exceeded 
the health standard of 10 mg/L in 12 

communities and 4 non-community suppliers 
delivering ·water to 47,000 customers. 

Nitrate (N03) moves readily through the soil 
and is odorless and tasteless in water. The 
primary health concern of elevated nitrate in 
drinking water is "Blue Baby Syndrome" 

(methemoglobinemia) caused when nitrate­
contaminated water is consumed by infants 
under si.x. months of age. In an infant's stomach, 

nitrate is converted to nitrite which binds to 
hemoglobin, preventing the blood from carrying 
oxygen. In rare cases, adults have been poisoned 
by nitrate, but not by amounts consumed in 
drinking ,vater. In addition, some research has 
suggested that long-tenn consumption of nitrate 
is associated ,vith certain cancers~ but evidence 
is unclear (Fe,;yTtrell, 2004; Rademacher, 1992; 

Ward et al., 1996). Nitrate is easy to measure in 
&inking ,vater and can serve as an indicator of 
1isk that other contaminants from human 

Cost of Nitrate Contamination of Public FVater Supplies 

activities are leaching through the soil and into 
'--i L, 

groundwater. 

Nitrate Sources 

In Minnesota, natural background concentrations 

ofnitrate-N in groundwater generally are less 
than 1 mg/L (lvIPCA 2006, 1998). Higher 

concentrations are generally caused by the 
leaching of nitrate from fertilizer applications, 
manure, or human waste (sewage or septage). 

Other sources of nitrate include atmosphedc 
deposition (e.g., nitrous oxides from 
combustion) and the decay of plant and animal 

matter. The amount of nitrate in groundwater 
depends on the amount of nitrate from all 
sources, the transport of nitrate through the soil, 

and the time and location of sampling. 

In Minnesota, the three areas most susceptible to 
contamination are 1) the karst regions of eastern 
and southern ]\1innesota; 2) areas of sandy 
glacial ounvash deposits, sometimes over loamy 

glacial till or lake sediments in central 
rviinnesota; and 3) the sandy 1iver channel 
aquifers in southwestern :tvlinnesota. This study 
focuses on areas of sandy glacial deposits where 
wells often draw drinking ,vater from surficial 
aquifers, i.e., aquifers near the land surface with 

no clay or rock confining layer protecting them 
from contaminants in surface recharge ,vater. 

Costs of Nitrate 
Contamination 

Costs of contamination include the costs of 
using the contaminated ,vater (e.g., effects on 
health or industrial activities), and the costs of 

responding to the contamination, including 
restming the aquifer quality ( often not feasible), 

containing a plume of contamination, or 
avoiding the contaminated \vater through 

~ ~ 
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treatment or an alternative water source 

(Rancher, 1983). These costs can be estimated 

by calculating either 1) the "avoidance cost'\ 

that is, costs incurred to monitor, treat, or 

replace the \Vater source; or 2) the "contingent 

value'~ based on asking people what they are 

willing to pay for an uncontaminated drinking 

water supply. Contingent value shidies of the 

value of groundwater protection are discussed in 

Phillips et al. (1999) and Poe et al. (2000), but 

the results are not readily translated into an 

estimate of costs in Minnesota. The avoidance 

cost method does not incorporate all ecological 

damages or non use values of water quality, so it 

can be considered a low-end estimate of 

people's willingness to pay or of the total costs 

of contamination (Abdalla, 1994). Intrinsic or 

non-use benefits of grmmdv:rnter include 

retaining the option to have a clean aquifer at 

some time in the fhtme. The value of non-use 

benefits is not trivial, given the difficulty of 

reversing groundvrnter contamination (Rancher, 

1983). 

Estimating health costs is controversial because 

the nitrate standard incorporates a safety factor. 

Thus, small or occasional exceedances of the 

standard vvill likely have little observable impact 

on health costs (Giraldez and Fox, 1995; 

Addiscott and Benjamin, 2004). 

The Freshwater Fmmdation (1989) studied the 

costs of groundwater contamination to 

Ivlinnesota companies and cities. TI1e study was 

limited to industrial waste or hazardous 

materials~ but the categories of potential costs 

identified are also relevant to nitrate 

contamination. ·Tuey include: 

New equipment, treatment, and direct 

cleanup 

Increased monit01ing 

• Increased energy usage 

Cost of Nitrate Contamination of Public Water Supplies 

• Increased operation and maintenance costs 

• Stafftime 

Consulting and legal fees 

• Increased water rates 

Devalued real estate 

• Diminished home or commercial real estate 

sales 

Relocation of current businesses or loss of 

fhture commercial development and jobs 

Loss to tax base 

TI1e cunent sh1dy begins to summarize some of 

these costs in relation to groundv.rnter nitrate 

contamination of Minnesota municipal ,vater 

supplies. 

Study 

The purpose of the study was to help 

communities anticipate the costs they may face 

if groundwater nitrate concentrations rise, and 

thus to quantify the va]ue of groundwater 

protection. The study only considered direct 

expenses to municipalities and did not consider 

health or environmental effects of nitrate 

contamination. Because each comrmmity's 

situation is unique, results are reported 

qualitatively and as cost examples to help other 

cities interpret h◊vv the results relate to their 

situation. 

The primary source of data was interviews with 

water supply managers in seven Minnesota 

communities in the summer of 2006. The 

managers ,vere first sent extensive 

questionnaires asking about expenses associated 

with monitoring, treating" or finding an 

alternative to nitrate-contaminated drinking 

water. Open-ended, in-person interviews were 

conducted to clarify answers to the questionnaire 

and to discuss 'Wellhead protection issues. 
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Initially, the communities \Vere selected from 

among those in central Iviinnesota \Vith nitrate-N 

concentrations above 5 mg/L. Only five of these 

communities ,vere identified as cmrently 

incuning costs associated with nitrate 

contamination (Park Rapids, Perham, Melrose, 

Clear Lake, and Cold Spring). T,vo additional 

communities (Ells,votih and Edgerton) were 

intervie\ved in southwestern Minnesota where 

geologically sensitive aquifers are used. Two 

other communities with treatment systems 

(Adrian and Lin co In-Pipestone Rural \Vater) 

were not interviewed for this study but \Vere 

included by using data from a previous study of 

nitrate treatment systems (~1IDA and JvIDH) and 

from other interviews (Diego Bont~ personal 

commm1ication). Characteristics of the 

communities are summarized in Table land their 

locations are shown in Figme 1. 

To help other communities assess the potential 

costs of their unique situation, costs are 

presented as examples rather than averages. 

Table 1: A sample of community water suppliers incurring costs of nitrate contamination. 

Population Million gallons 1000 gallons Nitrate Size of 
served supplied /person/year management DWSMAa 

annually 

Adrian 1200 50 42 
Anion exchange 

3 sq mi. system 
Anion exchange 

Clear Lake 414 (2006) 15.6 (2005) 32 system, well ½sqmi 
blending 

3,693 High nitrate 
Cold Spring 

(2005) 
202 55 wells go nearly 7 sq mi 

unused 

Edgerton 1030 (2006) 45 (2005) 
44 Anion exchange 

1 sq mi 
system 

Ellsworth 540 17 30 
Anion exchange 

5sq. mi. 
system 

Lincoln-
Pipestone Rural 1062 (2004) Reverse 

37 sq. mi. 
Water -- Holland osmosis system 

Well Field 
697 (2005) 

225 
Melrose 3091 (2003) (85% goes to Well blending 2.9 sq mi 

agr. industries) 

Park Rapids 3275 215 65 Well blending 4sq. mi. 

326 (2005) 
Perham 2726 (2006) (50% goes to 120 Well blending 18 sq mi 

industries} 

a Drinking Water Supply Management Area - see glossary. 
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Figure 1: Sandy outwash regions of Minnesota and study cities. 

Melrbs·~;·;•·· 'di~ariLaki 
~;>,._ 

. ColdSpririg' 

LPRW· ·· .. 
Edgerton \·Adrian 

Ellsworth 

Once the nitrate-N level in a drinking water 
source rises above 10 ppm, a comnrnnity \Yater 
supplier must either treat the ·water or find 
another source. The following is a list of 
potential expenses and examples of costs 
incmred by Minnesota communities. 

Short term management 

If nitrate-N in drinking water rises above 10 
ppm., the \Vater supplier must notify all residents 
and provide an alternative water supply, such as 
bottled vvater. The follmving are examples of 

costs for responding to a single event. 

$360 Clear Lake, notifications 

$250 Edgerton1 postings and media 
announcements 

$4,000 Melrose, notifications and 
education 

Other potential costs.include remediation of a 
contaminated site, litigation or legal opinions, 

consulting and engineering fees, increased 

Cost of Nitrate Contamination of Public Water Supplies 

l\ilap shows areas with the 
attribute "Outwash - Undivided 
as to Moraine Association" from 
Hobbs and Goebel (1982). 

insurance costs, and decreased property values. 
None of the cities in this study reported any of 
these costs. 

Newwell 

When an aquifer is contaminated with nitrate, 
siting a new ,vell becomes more expensive 

because multiple test ·wells may need to be 
drilled to locate a clean aquifer. 

Deep aquifers are often a preferred water supply 
because they are less susceptible to nitrate 
contamination. However, ,,rnter from deep 

aquifers is more likely to require treatment to 
remove higher concentrations of iron, 
manganese, sulfate or naturally occuning 
contaminants such as arsenic or radium. 
Removal systems for naturally occurring ions or 
contaminants may initially cost about the same 

as nitrate removal systems, but their life 

expectancy is generally longer and operating and 
maintenance costs are lower. 
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Examples of expenses associated vvith a new 
well: 

Test wells to identify a site without excess 
nitrate. 

$5,500 Park Rapids, two test wells 
(2005) 

$16 1000 to $19,000 each 
Clear Lake1 three test wells (2003 
and 2004} 

$3,000 Edgerton, test wens (2001} 

• Land purchase 

• Drilling, pump installation, ,vell housing 

$162,000 Park Rapids, to drm a pair of 
wens (2005 estimate} 

$246,300 Clear Lake (2004) 

Treatment systems to remove iron, s11lfur, or 
radon 

$21010,000 Park Rapids, Fe and Mn removal 
plant, including building (2005 
estimate) 

$5,000,000 to $6,000,000 
Melrose, Fe and Mn removal 
plant, not associated with drHHng 
a new well (2006 estimate) 

Sealing an old well 

$3,000 Melrose 

Reverse osmosis (RO) treatment system 

In an RO system, \Vater is forced through a 
semi-permeable membrane leaving behind a 
large proportion of high-nitrate waste water. 
Costs of running an RO system increase if 
mineral concentrations are high. Only one 
municipal RO system is operating in tvfinnesota. 

Expenses include: 

• Initial construction. RO systems are 
expected to last about 20 years. 

$1,706,650 Uncoln-Pipestone Rural Water 
(1999) 

Cost of Nitrate Contamination of Public Ff7ater Supplies 

Annual operating and maintenance costs, 
including electrical power for the pumps and 
replacement membranes. 

$31,000 Lincoln-Pipestone Rural Water 
(maintenance including 
membranes} 

$36,000 Lincoln-Pipestone Rural Water 
(energy) 

• \\r aste ,vater disposal. 

Lincoln-Pipestone Rural Water 
disposes of 1 gallon of waste 
water for every 5 gallons used. 

Anion exchange treatment system 

Anion exchange (AE) systems remove nitrate by 

replacing the negative nitrate ion (N03-) 'With the 
negative chl01ide ion (Cr) from salt. Water 
softeners do not remove nitrate because they 
replace positive ions ( e.g. Fe+++) with the 
positive sodium (Na; ion from salt. Examples 
of costs of AE systems are shown in Table 2. 

Tue initial construction costs depend partly on 
the amount of \Vater to be treated~ whereas 
operating and maintenance costs depend on the 
amount of nitrate removed \Vhich detennines the 
amount of salt required. Costs can be reduced by 
increasing the nitrate concentration in the final 
treated water, or by lowering the nitrate 
concentration in untreated \Vater through 
wellhead protection activities. For example, the 
City of Edgerton estimates that salt usage could 
double ifnitrate-N concentrations in their 
untreated ·water rose from the cunent value of 7-
9 ppm up to 10-12 ppm, which was the nitrate-N 
concentration before land in the well recharge 
area was enrolled in agricultural set-aside 
programs. Salt usage in Clear Lake dropped 
after a new lmv-nitrate well came on line in 
2005. 
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Table 2: Examples of annual costs for anion exchange treatment systems 

Clear Lake Edgerton Ellsworth Adrian 

Population served 414 (2006) 1,030 (2006) 540 1,200 

Million gallons supplied 15.6 {2005) 45 (2005) · 17 50 

Initial constructiona $412,390 ( 1995) $352,000 (2003) $362,000 (1994) $601,000 (1998) 

NaCl purchases 
$9,200 to $1,600 

$6,150 (2006) $3,000 (2006) $12,000 
(2004 to 2006)0 

Energy 
$4,867, $7,924, $2,576 

$2,600 (2005) $4,200 (2006) $4800 to $9600 
(2004, 2005, 2006) 

Regular nitrate testing $900 $450 $500 

$16,000 (2005). 
Additional labor Manager estimates 60% to 

$13,000 65% of his time is spent on the 
treatment system. 

Other operation and 
$600 

$5,400 (for general upkeep) (maintenance maintenance costs 
parts) 

Total extra costs of $1.82 to $2.25 $0.82 $1.68 $1.52 
treatmenf per 1000 gaL per 1000 gal. per 1000 gal. per ·t 000 gal. 

a These are one time costs. Anion exchange systems are expected to last 20 to 25 years. 
0 Salt usage has gone down since a new well came on line in 2005. 
c Includes construction costs amortized at 5% over 20 years. Does not include labor. 

Distillation treatment system 

\\Tater is boiled and steam is condensed to yield 
\Yater \Vith ve1y tew dissolved substances. No 
Minnesota municipalities use distillation 
systems. 

Well blending 

Some Minnesota cities blend water from lmv 
and high nitrate vvells to produce safe drinking 
water. At its simplest, blending is a matter of 
using low nitrate vve11s first and mnning the high 
nitrate ,vells last and only as needed. This 
involves minimal costs except labor and 
additional ,vear on the pumps in the ,ve11s being 
used most often. In some cities, blending has 
costs associated with managing pumps and 

testing water to ensure the fmal ,vater is safe. 

Cost of Nitrate Contamination of Public FV.ater Supplies 

Blending is only an option if a city has ,vells 
with different nitrate concentrations that are 
ptm1ped into a common area ,vhere the water 
can mix before going into the distribution 
system. 

A.nnual costs of well blending include: 

Time associated ,vith monit01ing nitrate 
concentrations and switching pumps. 

$3,000 Melrose 

Frequent lab tests to monitor nitrate 
concentrations 

$1,000 Melrose 

$900 Clear Lake 
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Wellhead protection is the process of managing 

potential sources of contamination within the 

capture area (\vellhead protection area) for the 

well in an eff01t to reduce the risk of 

contamination at concentrations that present a 

human health concern. V./ellhead protection 

plans consider potential sources of nitrate, 

industrial contaminants, and other potential 

contaminants. More infonnation is available at 

the Minnesota Department of Health web site 

(see Resources). Compared to water treatment, 

wellhead protection is a more comprehensive 

and cost-effective response to the problem of 

aquifer contamination. 

Wellhead protection plans (WHPPs) 

Wellhead protection plans will eventually be 

required for all 954 community ,vater systems 

and about 700 noncommunity (schools, 

factories, etc.) public ·water supply systems in 

:tviinnesota. About 130 of these systems have 

approved WtiPPs and another 180 are preparing 

them. VlHPPs describe the aquifer, capture 

zones (recharge zones for a well), Clment and 

future threats to groundwater quality, and 

detailed activities that will be undertaken to 

reduce or prevent contamination. They must be 

updated after ten years. 

Costs of wellhead protection 

Costs of\vellhead protection planning and 

implementation are highly variable depending 

on each city's unique situation. This section 

desc1ibes potential expenses of protecting a 

water source. 

Labor. The development of a wellhead 

protection plan is aj oint effort bet\veen the city 

(or its contractor) and staff from the Minnesota 

Department of Health and the _Minnesota Rural 
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Water Association. After development of the 

\VHPP, maintenance and implementation of the 

plan generally requires 5% to 10% of the time of 

a community water manager. 

Some cities have hired people dedicated to ,vHP 

implementation. For example, the cities of 

Rockville, Richmond, and Cold Spring, and 

several Cold Spring private businesses have 

joined together to hire a non-staff member to 

implement their wellhead protection plans. In 

southwest 1.ilinnesota, a proposal is underway to 

hire a person to work within five counties to 

implement wellhead protection activities. 

Implementation includes maintaining good 

communication with county officials and other 

local government units to ensme that decisions 

about zoning, licensing, and mles consider the 

effect on the wellhead protection area. Time also 

may be spent implementing educational eff 01ts, 
promoting best management practices to land 

owners, and encouraging key owners to take 

advantage of cost share programs to take land 

out of agriculhrral production .. 

Land purchases. Considering the cost of a 

water treatment plant and other approaches to 

wellhead protection, the city of Perham decided 

the most effective use of their money ·would be 

to purchase irrigated agticultmal land ,vithin 

their wellhead protection zone. They began by 

buying land adjacent to the city, reselling some 

of it for residential development. Tuey plan to 

gradually buy other land within the 10-year 

recharge zone and put it into conservation 

easements. 

Cost share. Cities often encourage land o'(vners 

to participate in federal and state programs that 

pay per-acre suppmt to remove land from 
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ag1iculh1ral production. Some cities have 

provided additional financial incentives to land 

mvners. Statewide in 2006, 20,283 of the acres 

in CRP, CREP2, and RIM ,vere in vvellhead 

protection areas. If land is enrolled in CRP for 

the purpose of wellhead protection, it must be 

,vithin 2000 feet of the vvell. This has restt.icted 

the use of CRP. CREP2, on the other hand, does 

not have a radius limit. 

Cities have also fonded incentive programs to 

encourage upgrading of septic systems and 
sealing of unused ,vells. 

Technical assistance is imp01tant to help 

landowners implement best management 

practices (BJ:vIPs) related to nutrient 

management, irrigation, manure management, 

tmf management, and p1ivate ,vell and septic 

system maintenance. This assistance is usually 

one-on-one vvork provided by partners including 

Soil and V·l ater Conservation Distticts, 

\Vatershed Districts, l\ifinnesota Extension 

Service, Natural Resources Conservation 

Service, County Environmental Services 

Departments, 1-finnesota Department of 

Agriculture (Iv1DA), and crop consultants. 

Additionally, the University of Minnesota and 

the MDA support research and demonstrations 

to test and illustrate the implementation of 

BI\1Ps. 

Education . . All ,vellhead protection plans 

include education components to build 

awareness and knowledge. Especially important 

is providing opportunities for youth, such as 

children's water festivals and school programs. 

Other educational activities include posting road 

signs to mark the boundaries of the ,vellhead 

protection area, exhibits at county fairs and 

similar events~ pamphlets, public service 

announcements, and direct mailings to people 

within the wellhead protection area. Educational 

resources such as bulletins and fact sheets are 

Cost of Nitrate Contamination of Public Water Supplies 

available from the MDA and Minnesota Rural 

Water Association. 

Monitoring. Some cities have installed 

monit01ing wells or organized a network of 

private wells to be tested regularly to monitor 

nitrate concentrations in the aquifer. The MDH 

spends $1500 to $2000 per year for mandatory 

quarterly testing of water supplies over 5.0 mg/L 

nitrate-N. 

Cost examples 

The follo,ving are examples of expenses 

associated ,vith wellhead protection planning 

and implementation. 

$15,000 to $40,000 Melrose, WHP 
delineation paid by MOH 

$100,620 Cold Spring, WHP plan 
deve:lopment and groundwater 
quallty studies funded by an 
MPCA Clean Water Partnershlp 
Grant 

$18,000 Park RapidsJ WHP plan 
development by the Hubbard 
County Water Plan 

$250/well Cold Spring, cost share to seal 
wells 

$300 Cold Spring; education about 
wen ma'intenance 

$250 Cold Spring, education about 
septic systems 

$1,000 Cold Spring; public education 
through various media, festivals 
and promotional items 

$800/yr Park Rapids 1 itemized annual 
costs 

$1,250 Park Rapids, itemized one-time 
costs 

$4,000/yr Melrose, education 

$2,500/yr Melrose1 consultant 

$6,000/yr Melrose, staff time 
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Barriers to wellhead protection 

City water managers identified the following 
baniers to effective wellhead protection, as it 
relates to nitrate contamination. 

Uncertainty. Hydrologists can predict the 
source of nitrate contamination and the path 

. and timing of water movement from the 
surface to the aquifer, but they are rarely 
certain. Furthermore, in many places aquifer 
recharge occurs over decades. If it took 
years for nitrate concentrations to rise, it will 
likely take years for concentrations to 
decline in response to management changes. 
Expenditures can be difficult to justify when 
the benefit may not be expected for years 
and the magnitude of the benefit is 
uncertain. 

Competing priorities. Effective ·wellhead 
protection depends on long-term 
commitment from all decision-makers 
v.,rithin the public water supplier, including 
water managers, city administrators, and city 
council members. Additionally, local and 
state officials, landowners, and the general 
public must be committed. All these 
stakeholders have competing concerns 
ranging from short-term budgetary issues to 
other natural resource concerns such as 
surface water programs. Attention will be 
turned to where funding is available. 

Lack of authority. The ·wellhead protection 
area for a well is often outside city 
boundaiies. Public ,vater suppliers have no 
authority to control land use beyond their 
jmisdictional boundaries. They depend on 
local zoning authmity to manage proposed 
land-use changes and on state and cmmty 

enforcement of rnles governing septic 
systems, feedlots, and other nitrate sources. 
Most iinportantly, they often rely on 

Cost of Nitrate Contamination of Public Water Supplies 

voluntary cooperation from farmers and 
homeowners who apply fertilizer or manure. 

Ineffective policies for administering 
conservation programs. In some places~ 
the best \Vay to reduce nitrate contamination 
is to take a small amount ofland in the 
wellhead protection area out of agricultural 
production. Federal cost share programs 
such as the Conservation Reserve Program 
(CRP) are designed primmily to protect soil 
and surface water and may not be as 
effective for ,vellhead protection. For 
example, the CRP provides per-acre 
incentives to take key land out of row crop 
production. Land within a2,000-foot radius 
of a community ,vell and within a vvellhead 
protection area can be automatically 
enrolled in CRP. However~ this reduces the 
number of possible acres because much of 
the land \Vithin 2,000 feet of the vvell may 
not actually be within its capture area. Using 
a fixed radius or other simple method to 
delineate a \Vell water protection m·ea can 
result in substa11tial over protection ofland 
down gradient from the well and under 
protection of up-gradient land (Hodgson et 
al., 2006; Raymond et al. 2006). Another 
limitation of existing conservation programs 
is that incentive payments may not be 
adequate to allmv fa1mers to take highly 
productive fmmlm1d out of production, 
especially as prices of com and other 
commodities rise. Given the value of 
chinking water to human health, it may be 
approp1iate to provide higher incentive 
payments to set aside land in welll1ead 
protection areas that \Vill protect aquifers 
from long tem1 contamination. 

Diverse and unequal stakeholders. The 
costs and benefits of wellhead protection, 
and the pmver to influence land use and 
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management are held unevenly by the city, 

township, county, state, residential ,vater 

users~ industrial ,vater users, developers~ 

fmn1ers, homemvners, and other land 

owners. A successful solution requires 

communication and cooperation among all 

the patties and acknowledgment of the 

unevenness of costs and benefits. Out of 

fairness and expedience, planners may try to 

spread costs an10ng many stakeholders by 

choosing ,vellhead protection activities that 

apply to eve1yone, such as promoting 

nutrient best mmrngement practices. Getting 

all players to contribute to the solution is 

essential, but may be inadequate \Vhere it is­

necessary to take a few key acres, mvned by 

one or t\vo producers, completely out of 

ag1icultural production. \'Vorking with 

producers to implement such ''unfair" 

solutions is made more difficult by the 

uncertainty of the results. 

The cost to supply water to a conummity vmies 

greatly (Table 3 ). Costs for municipalities ,vith 

treatment systems are several times higher than 

those without. Timely and effective wellhead 

protection can reduce or completely prevent 

nitrate treatment costs, as ,vell as reduce the 

threat of other types of contan1ination. 

Regardless of whether ,vater is treated, 

consumers and ta'X.payers pay the costs of 

grmmdvrnter contamination - either in the fo1m 

of increased water user fees, health effects, or 

impacts to the community's tm base. Ta-xpayers 

also pay the costs of groundwater protection~ but 

these costs may be less than the costs of treating 

drinking water or finding clean alternative 

sources. 

Cost of Nitrate Contamination of Public T-Vater Supplies 

• Inertia. Water suppliers may be hesitant to 

begin \VHP planning and implementation -

a task ,vith an unknown time commitment. 

Hmvever, with the support of the Minnesota 

Department of Health (:rvIDH) and the 

1vfinnesota Rural Water Association 

(lVIR \VA), most have found the process to be 

manageable and successful. 

• Technical support is not a barrier. All 

cities intervie,ved agreed they received good 

technical support from the JvlDH and 

JvIRWA. Eve1y wellhead protection plan 

depended on extensive staff time from I'v1DH 

and MRWA. Conservation Dist1icts and the 

Minnesota Department of Agriculture have 

provided technical assistance ,vith nutrient 

management planning. 

Table 3: Cost to supply water 

City 
Cost 

{$/1000 gal.) 

Anion exchange system 

Clear Lake 

Ellsworth 

$7.23 

$4.55 

No nitrate removal system 

Cold Spring $1.40 

Melrose $1.15a 

Park Rapids $1.50 

Perham $1 to $2 

Calculation 

Total water 
supply cost 

Total water 
supply cost 

User fee 

User fee 

User fee, 
including sewer 

User fee 

a Proposed iron treatment plant in Melrose would 
raise cost to $2.50 or $3. 
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Capture area the subsurface area through ,vhich ,vater is likely to move tmvard and reach a public vrnter 
supply ,vell. 

Drinking water supply management area (D\VSJVIA) - the JVIDH-approved surface and subsurface area 
smrounding a public water supply ·well that must be managed by the entity identified in a wellhead 
protection plan. The DWSMA completely contains the wellhead protection area but may be larger 
because its boundaries follow identifiable landmarks such as property and political boundaries. 

Federal and state conservation programs -These programs for farmers can be used to support best 
management practices that protect wellheads. Contact the local Soil and '\Vater Conservation District 
for more information. 

Environmental Quality Incentives Program (EQIP) 
Conservation Reserve Program (CRP) - a federally funded program in which farmers are paid to 
take land out of agricultural production for 10 to 15 years. Payments generally match local rental 
rates. 
Conservation Security Program (CSP) 
Conservation Reserve Enhancement Program (CREP2) - a state-funded program similar to CRP. 
Reinvest in ivlinnesota (RIM)- a state-funded program. 

MDA - Minnesota Department of Agticulh1re 
http://v•lWvv.mda.state.nm.us/protecting/vvaterprotection/drinkingwater.htm 

ivIDH - Minnesota Department of Health supports wellhead protection planning and monitors nitrate 
concentrations in public water supplies. 
Source \\rater Protection page: ww,v .health.state.mn.us/divs/eh/\vater/swp./index.htm. 

MPCA-MinnesotaPollution Control Agency 
Ground Water in :iviinnesota: http://w,vvv.pca.state.mn.us/water/ground,vater/ 
Clean Water Partnership Program provides grants and loans to address surface and groundwater 
pollution problems: http://ww,v.pca.state.mn.us/\vater/cvvp-319 .html 

MRWA- Minnesota Rural Water Association supports wellhead protection planning. Their \Vork is 
supp01ted by rural water suppliers and taxpayers. Look to their web site for educational materials 
and guidance documents. ,vw,v .nmva.com/sourcewater.htm 

ppm - pmts per million. PPM is equal to milligrams per liter (mg/L) when measuring the concentration of 
a substance in vvater. 

Recharge area- the surface and subsurface area that provides vvater to an aquifer (although sometimes the 
tenn is used to refer to the area that supplies a well). 

Reinvest in Minnesota (RIM)- a state-funded program that builds on CREP2 by adding a conservation 
easement that is either pem1anent or adds 30 years beyond the CREP2 contract. 

Wellhead protection area (WHP area) - the designated area around a public water supply well(s) that is to 
be protected from contaminants that may adversely affect human health. It includes the surface and 
subsurface area through which contaminants are reasonably likely to move toward and reach the 
,veU(s). Regulation ofWHP areas ,vas established under the federal Safe Drinking Water Act, and is 
implemented through state governments. 
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SURVEY OF WELL OWNERS ABOUT DRINKING WATER QUALITY 

This survey was mailed to 800 private Well owners in the central sand plains of Minnesota in the summer 
of 2006. For further information see: www.mda.state.mn.uslprotectinghvaterprotectionldrinkinqwater.htm 
or A.M Lewandowski. B.R. Montgomery, C.J. Rosen. and J.F. Moncrief. 200R Groundwater nitrate 
contamination costs: A survey of private well owners. Journal of Soil and Water Conservation 
(forthcoming). 

Annotations are underlined and italicized, and are provided as suggestions for future surveys. 

Please answer the following questions about property you own with a private drinking water well 
{which may be at a different address than where this survey was mailed). Circle the number or letter 
that corresponds to the answer closest to your opinion or write in the information requested. All 
individual responses will be kept strictly confidential. As a way of saying thank you, we will send you 
a FREE NITRATE TEST KJTworth up to $20 once we receive your completed survey. 

Q1. In which Minnesota county and township is your property which has a private drinking water 
well? All questions refer to this same property. 
_____________ County 
_____________ Township 

Q2. How many wells are used at this residence? ____ Wells 
We asked this question so the note before question 4 would make sense about which well to use. 92% 
had one well. 6% had two 1 and a few had three or four. 

Q3. Where does the DRINKING water come from for this property? (Circle one.) 

1. Private well O CONTINUE WITH Q4 

2. Public or municipal supply □ SKIP TO Q13 ON PAGE 3 

3. Community, non-municipal supply (e.g., a trailer park or apartment complex 
outside the municipal water system) D SKIP TO Q13 ON PAGE 3 

4. Don't know D SKIP TO Q13 ON PAGE 3 
The purpose of this question was to weed out any people on municipal water supplies that $lipped 
through our sample selection process. 
Consider adding a separate question asking if they drink their well water. Based on comments in other 
parts. of the swve y. it became clear that some people drink bottled water or bring water from their primary 
residence to drink instead of their well water. Many probably do this for reasons other than nitrates. (See 
Q16.[ 

NOTE: If more than one well is used at this property, please answer the following 
questions for the ONE well that supplies most of the drinking water. 

Q4. Where is this well located? (Circle all that apply.) 

a. In town or the outskirts of town 

b. At your second home or recreational residence 

c. Farm (either active or retired) 

d. Rural area but not a farm 



e. Trailer court 
f. Other (Please specify) _____________ _ 

This question was not very usefulness. It would be better to focus on Q5. It might be fruitful to ask how 
much land people own, and therefore control, around the well. 

Q5. What is the PRINCIPAL land use within ¼ mile of your well? (Circle one.) 
1. Cropland 

2. Pasture or grassland 

3. Forest 

4. Lawn 
5. Other (Please specify) _____________ _ 

We got far too many "others''- 100 of the 483 respondents. These included 44 mixed uses. 27 residential 
lots of various sizes (or maybe just their own residence). and 23 water bodies including wetlands. 
streams. and lake fronts. Also. 1 ''lawn and road'"1 2 golf courses. and 1 gravel pit. 

Q6. How is your well constructed? (Circle one.) 
1. Drilled 

2. Driven or sand point 

3. Dug or augured 
4. Other (please specify) ______________ _ 

5. Don 1t know 
We got no "others'~ 

Q7~ How old is your well? (Circle one.) 
1 . Less th an 15 years 

2. 15 - 30 years 

3. More than 30 years old 

4. Don't know 

Q8. How deep is your well? (Circle one.) 
1. Less than 50 feet 

2. 51 - 100 feet 

3. 101 - 300 feet 

4. More than 300 feet 

5. Don't know 

Q9. What is the width of the well pipe? (Circle one.) 
1. Two inches or less 

2. Greater than two inches 
3. Don}t know 

Delete this question. We asked it to double-check the well type, but more people knew their well type 
(88%) than knew the width of the well pipe (75%). Of those with drilled wells. 13% said the pipe was <2" 
and 27% said >r. Of those with sand points. 79% said <2}1 and 6% said >2)'. 

Q10. A County Well Index Number (CWI), or a Minnesota Unique Well Number1 is a six-digit 
number assigned to wells installed since 1974. This number may be on an aluminum tag 
attached to the outside of the well casing. The CWI will help us to determine the geology of 
your well. More information is available at: http://www.health.state.mn.us/divs/eh/cwi. 



Does your well have a Coun Well Index Number? Circle one. 
1. Yes [] If you know it, what is the County Well Index Number? 

2. No 

3. Don't know 

Q11. When was your DRINKING well water last tested for nitrates? (Circle one.) 
1. Never 
2. Within the past year D (PLEASE SKIP TO Q12} 
3. Within the last 3 years D (PLEASE SKIP TO Q12) 
4. 4- 10 years ago 
5. More than 10 years ago 
6. Don't know 

Q11 a. If you do not test your water at least everv: 3 years, please indicate why not: 
( Circle all that apply.) 
a. Don't feel a need to have it tested _(P_le_a_s_e_e_x....,p_/a_in_) ______ _ 
b. I don't know how to test my water 
c. It costs too much 
d. It is not convenient 
e. The water is probably fine Delete this option. It is a subset of the first. 
f. Have not had time 
g. Other (Please specify) _______________ _ 

(PLEASE SKIP TO Q13) 

Q12. If you tested your DRINKING well water for nitrates within the last 3 years, what were the 
results of the test? Enter a value if you know it OR circle one answer. 
____ ppm (parts per million) 
1. Safe drinking water (less than 10 ppm) 
2. Above the safe drinking water standard (above 10 ppm} 
3. Don't kn ow 

Q13. The U.S. Environmental Protection Agency (EPA) says that nitrate levels of greater than 
1 O ppm (parts per million) in drinking water are unsafe, especially for infants and the elderly. 

At what nitrate level would you begin treating your water or finding an alternative source of 
drinking water? (Circle one.) 
1. Before drinking water nitrate levels reached 10 ppm 
2. When nitrate levels reach 10 ppm 
3. After nitrate levels had risen above 10 ppm 

Q14. Do you currently own a treatment system to remove nitrate from your drinking water? 
(Do not include water softeners or iron removal systems, unless they were acquired to 
improve the performance of the nitrate treatment system.) 

1. Yes □ VVhattype of treatment system do you own? (Circle one.) 
2. No 

1. Reverse osmosis 
2. Distiller 



3. Anion exchange 
4. Other (Please specify) ______________ _ 

VVhatwas the initial cost of your system? $ ________ _ 

VVhat is the annual maintenance cost? $ _________ _ 

Q15. Do you currently lease a treatment system to remove nitrate from your drinking water? 
(Do not include water softeners or iron removal systems, unless they were acquired to 
improve the performance of the nitrate treatments stem. 
1. Yes O V\/hattype of treatment system do you lease? (Circle one.) 
2. No 

1. Reverse osmosis 
2. Distiller 
3. Anion exchange 
4. Other (Please specify) ______________ _ 

V\/hatwas the initial cost of your system? $ ________ _ 

V\/hat is the annual cost? $ _________ _ 

Consider combining 14 and 15 into the following: 

Do you cyrrenth{own or lease a treatment systernto remove nitrate from yourdrinking wEJter? 
(Do not include water softeners or iron remcN91 S'('.stel11s1 unless they were acquired to improve the 

erformance of the nitrate treatment s stem. 

Lease 
Neither 
own nor 
lfiJ3S(;; 

What type of treatment system do you own or lease? (Circle one.) 

1. Reverse osmosis 

2. Distiller 
3. Anion exchange 
4. Other (Please specify) 

What was the initial cost of your system? $ 

What is the annual maintenance cost? $ 

Q16. Do you ever drink bottled water because of concerns about elevated nitrate levels in your 
well water? 

1. Yes □ About how much do you spend on bottled water each month? 
2. No 

$ ______ _ 

Consider this: 

What is your primaJY source of drinking water? 
1. The well described in this sutvey n SKIP TO Q17 

2. Bottled water I Af?91.JJf?c>wmuqh t:1gxqy§geJJggnwc1.t~re.ufcJ1?§~:S. '?.?<?h 



3. Municipal tap water 
4. Anotherwe/1 
5, Other (Please specify) 

If you don't drink your well water. why not? (Circle all that apply.) 
a. Concerns about nitrates 
b. Concerns about other contaminants (please specify) 
c. Flavor or odor 
d. Don't know 
e. Other {please specify) 

Q17. Have you installed a new well because of elevated nitrate levels in our water? 
1. Yes D What was the approximate installation cost for your new well? 
2. No 

$ ______ _ 

Consider asking when the well was installed. Jt mavmake a difference if it was recentor many years ago. 
Also decic/Jtwhether yqµ wantto the$e peopleto cm§werother gue§ti9n$_ with regarcl to their new we/I or 
old well. For example, for our survey they described their new well as being Jowfn nitrate. buttor 
analyzing people'sactions. we wanted to include them in the high~nitrate group because their nitrate was 
high lJJ,,fornth?Y took the action of installing the well. 

Q18. Are there any other things you have done because of elevated nitrate levels in your 
drinking water? 
1. Yes □ Please describe what you have done and the costs: 

2. No 

Q19. Treatment systems commonly cost $500 to over $1000 to install, plus $60 to $100 per year 
for maintenance. 

If the nitrate levels in your well water became too high to have safe drinking water, would you 
purchase or lease a treatments stem if ou haven't alread done so? Circle one. 
1. Yes □ What type would you purchase or lease? (Circle one.) 
2. No 
3. As indicated in 1. Reverse osmosis 

Q14orQ15, 2. Distiller 
I already have a 3. Anion exchange 
treatment system . 4. Other {Please specify) 

5. Don't know 

Q20. If you decided NOT to purchase or lease a treatment system, what OTHER action would you 
be most likely to take in response to elevated nitrate levels? (Circle one.) 
1. Drink bottled water (Commonly $0.30 to $1.35/gaf, or $100 to $500/person/year.) 

2. Install a new well (Commonly $5000, or much more if drilling into bedrock.) 

3. Move to a new residence 
4. Other (Please specify) _________________ _ 



5. Would not do anything 

Consider combining questions 19 and 20. We separated them to allow us to ask what kind of treatment 
system thev would purchase. But that is not important to ask. because they do not know. It made it 
difficult to statistically combine the results of the two questions. 
Also. people are likely to drink bottled water first and then take one of the other actions, so some people 
listed both. It might be better to ask what long term action they would take. 

Q21. How concerned are you about the following water quality issues related to your DRINKING 
WATER? ( Circle one answer for each item.) 

Very Somewhat Not Very Not At All 
Concerned Concerned Concerned Concerned 

a. Nitrate contamination 1 2 3 4 

ib. Bacterial contamination 1 2 3 4 

C. Contamination with herbicides, 
volatile organic compounds, or 1 2 3 4 
other chemicals 

'd. Iron or other minerals 2 

e. Taste, odor, or color 1 2 3 4 
AnotherwaY. to ask would be "Are 'f.OU aware of the following waterqualit'i.12roblems in lf..OUrcounty_?'' 

Q22. To what extent do you agree or disagree with the following statements? (Circle one answer 
for each statement.) 

Strongly Strongly Don't 
Agree Agree Disagree Disagree Know 

a. I have ample opportunities to learn 
1 2 3 4 5 about the quality of my water. 

b. Federal, state, and lqcal governments 
are doing an adequate job protecting 1 2 3 4 5 
groundwater in my community. 

C. Poor drinking water quality has 
reduced property values in my 1 2 3 4 5 
COUNTY. 

Q23. Do you believe that elevated nitrate levels have reduced the value of YOUR property? (Circle 
one.) 

1. Yes [j About how much has your property value been reduced? 

2. No 

3. Don't know $ ______ _ 

Q24. During the past 10 years, has the drinking water from YOUR well improved in quality, stayed 
about the same, or decreased in quality? (Circle one.) 
1. Improved in quality 

2. Stayed about the same 

3. Decreased in quality 

4. Don't kn ow 



Q25. During the past 10 years, has the drinking water in your COUNTY improved in quality, stayed 
about the same, or decreased in quality? (Circle one.) 
1. Improved in quality 

2. Stayed about the same 

3. Decreased in quality 

4. Don't know 

THANK YOU VERY MUCH FOR HELPING WITH THE SURVEY. 

Please return your survey in the postage-paid envelope provided to: 

Minnesota Center for Survey Research 
University of Minnesota 

1313 Fifth Street SE, Suite 108 
Minneapolis, MN 55414-4533 
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What is the Phosphorus Source Assessment Tool? 

The Minnesota Phosphorns Source Assessment Tool (PSAT) is an Excel-based tool used 
at the ,vatershed scale to identify the relative contribution of sources of P to a lake or 
stream. It is a modification of the \Vatershed Treatment Model. (See \Vvv'W.C\Vp.org for 
more information about the WT1vf). 

The PSAT has two main applications: education and initial watershed assessments or 
screemngs. 

Education. PSAT identifies and illustrates the relative contribution of most P sources. 
This helps ,vatershed planners eJ\.l}lain the sources of phosphorns and how the sources are 
affected by changes in land use and land management. Teachers can use PSAT to 
increase awareness of watershed issues and discuss the application of models to 
environmental planning. 

Initial assessment. PSAT does not require specialized software or training, so it is 
suitable for an initial screening to identify phosphorus sources in a watershed. Results 
from PSAT vvill help clarify which additional models or data collection are needed to 
adequately understand a watershed to support decision making and planning. 

How PSAT refates to other tools. Estimating sources of phosphorus is an inexact 
science. The PSAT is meant to be one of several pieces of evidence used to understand 
phosphorus movement in a watershed. 

Benefits and limitations. The advantages of PSAT are that it addresses a comprehensive 
list ofP sources and does not require specialized software or training. The major 
disadvantages are that it only provides relative P amounts, not actual P loads, and the 
simplified calculations may provide misleading results if not interpreted correctly. The 
main banier to use is the need for land use data, but such data will be needed for any 
analysis of phosphorns sources. 

Where can PSAT be used? 

PSAT is suitable for assessing lakesheds or river watersheds. 

\Vatershed size. PSAT is intended for small to medium-sized watersheds. Loading 
factors for rural areas are based on data from watersheds less than 200 sq miles, so the 
PSAT should not be applied to larger vvatersheds. In urban vvatersheds (more than 30% 
urban development), the maximum watershed size should be limited to 20 square miles. 
This is because the urban runoff estimate is based on the Simple Method, \Vhich was 
originally designed for development lots less than 1 mile square. 

Tl\IDL studies. The PSAT may be more useful during for the implementation stage than 
for setting T1-IDLs. Despite the conservative assumptions in the PSAT, it may be 
necessary to assign an explicit margin of safety ,vhen a specific target needs to be met. 
The PSAT is not a calibrated model, so relative change in P loading should be used rather 
than the absolute loading values. The PSAT generates annual loads, so it cmmot account 
for critical conditions that occur dming the year. 
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How to use PSAT 

1. Gather inputs. Gather the inputs needed to nm the model. Information about each 
input is available below, and a list of all necessary inputs is in the data collection sheet 
available on the ,veb site (http://\nv,v.mnpi.umn.edu/psat.htm). Sources of input data are 
described starting on page 12. The quality of results depends on the quality of inputs. 
Document all the assumptions and uncertainties related to the inputs. 

2. Enter data for multiple scenarios. After you gather your input data, enter it into the 
Excel spreadsheet. Your inputs vvill include some uncertainties and the assumptions made 
by the tool have some uncertainty. Show the impact of uncertainty by running the tool a 
fe,v times using different input assumptions. 

3. Use PSAT to generate questions. Compare results from scenarios that represent the 
high and low possible input values. This will help you identify other models or data 
needed to improve understanding of the ,vatershed. For example, results from multiple 
scenarios might show that you need to gather information about the condition of septic 
tanks or run a more detailed model of the effect of agricultural practices. 

4. Use PSAT to educate. Graphs from the model can be used to explain P somces to 
stakeholders. 

A Tour of the Excel File 

Color of cells 

<.;r~n .cell~ 11~d.t9 IJE3. completed·t.,y tllEJ user 
Bill~. ~Us ~ay~ {J~f~u•~?f~~l~lll.,ted value~ l'.>llt may. be subs;itutecJ 
~r,1·~!:1, .. •.·~e~,19;~?!.~••··~.~!!'~!~,·.•;E.;lf.":., ... ;J·.·;><). \fi;:,: .. ii,;:i.;;.;: .... 
~µml!'..~tH.§.B~~mJ.!iqijgm~!mtt,J;;§~g~}9'1/gq~g.Rts:Jii~gu§'/ .. 
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\V orksheets 

The Excel file consists of several ·worksheets. You can s,vitch among the worksheets by 
clicking on the tabs atthe bottom ofthewindovv. You sill mainly focus on the green tabs: 
Primary Sources, Secondary Sources, and Results. Here is a description of each of the 
worksheets: 

Worksheet name Purpose 

Enter land use data. 
Enter data about other P sources, such as septic 
systems, permitted discharges, and feedlots. 

iew results of load calculations. 

E . r M t P f Enter data about practices that can reduce loading, 
xis mg anagemen rac ices such as catch basins or septic system education. 

Future Management Practices 
Discounts - Future 

uture Land Use 

Loads with Future Practices 
Loads Including Growth 

TM user guide 

Entering Data 

For data about developments, such as the number 
of households with septic systems. 

Suggestions for data inputs 

User guide that came with the original model on 
hich the PSATis based. 

Input data goes into the green cells. Not all green cells need to be completed - only those 
that relate to P sources found in your watershed. 

The blue cells are default or calculated values that can be left as is, or can be changed to 
better match local conditions. The default values are typical for central 1.1fomesota, but 
achial values may vary substantially. The quality of results can be improved by using 
values that fit local conditions. For example, you may want to change the P loading rates 
in cells H36-H41 if farming practices in the vmtershed are higher or lo\ver 1isk than in 
average watersheds. For instrnctions, see "Adjusting agricultural loading factors" on page 
14. 

Primary Sources Worksheet 

,v atershed data 

Enter average annual rainfall for the ,vatershed. (See "Data Somces" worksheet for a 
rainfall map.) 

\Vatershed area will be summed automatically. 

Stream length of all streams within the watershed is only used in the estimate of channel 
eros10n. 
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Planning ho1izon is only used in the Future Management Practices worksheet, so most 
users can leave this blank. 

Land use acres 

Enter number of acres of each land use ,:vi.thin the watershed. If desired, add labels in 
Column C. If the land use distribution is uncertain, determine a range of possibilities. 
Then, run the tool for two or more possible land use distributions to learn the range of 
potential P sources. See page 12 for suggestions for acquiring land use data. 

Residential 

LDR, 1IDR, and HDR stands for low-, medium- and high-density residential. The only 
difference among these is the percentage impervious cover (Column E). You can change 
these default impervious cover values if you have local data. 

If residential lots are larger than 2 acres or less than 10% impervious cover, list them as 
'\-ural development" in Rmv 35. 

Impervious cover includes any hard surfaces where rain water cannot infiltrate, i.e., roofs, 
any paved surfaces, and gravel road,vays. 

Commercial and Industrial 

\v'hen deciding whether land should be categorized as commercial or industrial, the main 
distinction is the percent impervious cover ( column E). A distinction bet\:veen the t\vo 
categories is not defined in the original \VT?v1 documentation (See References on page 
21). 

Urban Roadways 

"Urban roadways" includes the right-of-way. 

Rural roads should not be included in "urban roadways" because they are accounted for 
in the loading factors for agricultural and forest lands. 

If your data source separates rural road acres from other rnral land cover, you can create a 
separate rnral road category on one of the blank lines. Use a P loading factor of 0.1 to 0.2 
(column H), depending how ,vell road rnnoff is connected to surface ,vater. For example, 
if a road ditch has ,vater in it for much of the year, then most of the P that reaches the 
ditch will eventually be canied to surface water., and the loading factor should be O .2. If 
little of the runoff is likely to reach surface water, use a loading factor ofO.L (The tvvo 
sources of P from roads are atmospheric deposition at 0.2 lbs/ac and road sanding, ,vhich 
is handled under secondary sources.) 

Forest, brush, or grassland 

Include any land where the soil is generally undishirbed and uncompacted. Infiltration is 
much higher on these lands than any others. 

Gravel pits and other large open mines can be ignored because of their small area. If 
they constih1te a significant proportion of the watershed, the acres should not be included 
in the total acres in the watershed on the assumption that no rnnoff is generated from 
them. If the mines generate runoff: consider including the acreage in "Active 
constrnction". 
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Rural development 

"Rural development" refers to housing on lots that are 2 acres or larger, or less than 10% 
impervious cover. Farm home sites can be included in this category or as part of 
agricultural acreage. 

Agiiculture 

If possible, divide agricultural land acreage into rmv crops with manure applications, row 
crops without manure applications, and pasture/perennials. If that level of detail is not 
available, put all agricultural land into the catego1y of '1:nixed agriculture", or into 
"dairy" if dairy is the primary ag system in the Vlatershed. ''Mixed agriculh1re" is an 
average of the factors used for "Rmv crop ag" and "Pasture, perennial ag". "Dairy'' is 
based on a rotation of 2 years com ,vith manure applications follmved by 3 years alfalfa. 

The agricultural loading factors in column H can be adjusted to better reflect practices in 
the ,vatershed by using the Minnesota Phosphorns Index to assess Ploss risk. See 
"Adjusting agricultural loading factors" on page 14 for instructions. 

Open water 

Enter the surface area of the lake whose watershed is being studied in the category of 
"Lake or river of interest". Other lakes and open vvater wetlands should be included as 
'Upstream open water". Wetlands vvithout open ,vater can be included in "Forest, brush, 
or grassland. 

The P loading factor for the lake of interest represents atmospheric deposition of P. Of 
the atmospheric P that lands on upstream \Vater bodies, not all ,vill be transported to the 
end of the \vatershed. 

Active construction 

Estimate the average number of acres at any point in time that is under construction or 
otherwise exposed to severe sediment losses. 

Highly erosive unpaved drives may be included as "Active constrnction". 

Vacant lots 

This category is meant for mostly unvegetated urban lots. 

Secondary Sources Worksheet 

Dwellings or population 

The number ofchvelling units and the total population are used in calculations ofloading 
from septic and se,ver systems. Enter either the number of chvellings or population and 
the program will calculate the other value based on the number of individuals per 
dvielling (Cell E3). 

If some people are seasonal residents., reduce the number of dwellings or population 
proportionately. 

To account for ,vaste from commercial properties use the follo,ving conversions: For 
motels or other lodging, add 1 dwelling unit for every 4 guests (average daily 
occupancy). For restamants, add 1 dvvelling unit for every 8 seats. For other types of 
commercial operations, see the Metropolitan Council Environmental Services (2003). 
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Soil phosphorus 

The surface soil total Pis only used in the calculation of P load from active construction. 
The subsoil total Pis only used in the calculation of P load from channel erosion. Use the 
equation and map on page 12 to estimate the percent total P in surface and subsurface 
soil. 

Septic systems 

Enter the proportion of d,vellings on septic systems. 

Check the default values in El 7, G 17, and 117 which indicate the proportion of systems 
that are compliant, failing, or an imminent threat to public health and safety (ITPHS). 
The defaults are average values for central Minnesota, but your county or watershed 
could be quite difierent. ITPHS systems include direct discharge to surface water or to 
the ground surface. Failing systems are those with obvious leaks or with less than the 
required vertical separation above the seasonal water table. 

SSOs and Illicit Connections 

These t\vo sections relate to sewer systems. Use local data as much as possible. A void 
using the default values. 

Channel erosion 

Choose one ofhvo methods to estimate channel erosion, or enter an estimate from an 
alternative model into the cell labeled "Bank Erosion Rate (tons/mi/yr): 

Niethod 1 requires that you enter a measurement of the total sediment load going into the 
lake, or the load leaving the ,vatershed. PSAT vvill subtract all runoff sediment sources 
and assume the remainder is from channel erosion. 

Nlethod 2 is only appropriate for use in primarily urban vvatersheds (> 10% impervious 
cover). It assumes that changes in impervious cover cause a predictable enlargement in 
the stream's cross-sectional area and estimates the amount of annual channel erosion that 
would be required to reach that enlarged area 

Livestock on open lots 

Estimate the number of animals in confined areas exposed to rainfall nmof[ Do not 
include animals kept in covered barns or on pasture. (Pasture should be included as 
agricultural land in the Primary Sources worksheet.) For'% Exposed to Runoff', 
estimate the percent of time that the animals are in the confined area exposed to rainfall 
nmoff 

Geese 

If large numbers of geese defecate near your lake, you may ,vant to include an estimate of 
their P contiibution. On the other hand, geese generally defecate near vvhat they eat, so 
goose feces may only represent a change in the form of P and not a net P input to the 
lake. 

l\ila1ine toilets and recreation 

Use this section to account for human vvaste dumped directly into the lake, such as from 
marine toilets that are not properly pumped out or from ,vaste associated with fishing 
derbies or ice fishing. 
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The tool provides nvo methods for estimating this P som-ce. You can use either or both, 
depending on the activities in your watershed. 

For method A, enter the number of people that are on a boat for a foll 8-hour day 
multiplied by the number of days. The calculation assumes all \Vaste for the 8-hour day 
on the lake ends up in the lake. Proper dumping of waste can be accounted for in the 
"Existing Management Practices" worksheet in the Marina Pumpouts or Portable Toilets 
section. Alternatively, the flow rate (Cell E60) can be reduced proportionately. 

To estimate the number of people-days for boats ,vith marine toilets, multiply the number 
of boats by hvo people/boat by the number of days in the boating season by 5 0%. This is 
based on the VVTM estimates that boats are occupied up to 50'fo of the boating season and 
two people per boat. 

Use method B for ice fishing. Enter the number of ice houses or other clusters of fishing 
holes on the lake multiplied by the number ohveeks in the ice fishing season. This 
calculation is based on a single study at Granite Lake ,vhich counted an average of3.8 
urine spots per ,veek around each fishing site. The calculation assumes 0.25 mg (0.00055 
lb) P per urine spot. 

Road sanding 

The road sanding section only needs to be completed if the sand contains phosphorns. A 
"closed section road" is one with a curb. 

Permitted dischargers 

Fill in data ti-om NPDES permits for ,vaste,vater treatment plants or other permitted 
dis chargers. 

If you have measured P loads in the outi1mv from a water body ,vi.thin the \vatershed, this 
can be entered as a point source in this section. In this case, the subwatershed drained by 
the measured outtlmv must be removed from the primary land use categories. This could 
complicate estimates of foture loads based on land use changes and management 
practices. It may be necessary to estimate changes in the subwatershed separately from 
the remainder of the area. 

Existing and Future Management Practices 

The "Existing Management Practices" ,;vorksheet allows you to estimate P load 
reductions belo,v the general loads assumed in the "Primary" and ''Secondary Sources" 
,vorksheets. 1fost of the practices on this ,vorksheet relate to urbanized or impervious 
ru.-eas. 

The "Discounts-Existing" and "Discounts-Future" \>Vorksheets shmv the proportion of P 
load reductions expected from each practice. ''T'' in column C indicates the treatability, 
i.e., the proportion of acres that are treated ,vith a practice or the proportion of a 
population that can be reached. ''D" in columns D to F indicate discount factors or 
effectiveness factors. These acco1mt for the fact that practices do not perform at 100~-'o of 
their potential. For example, not all people reached by an education program\vill change 
their behavior, and not all the P or sediment will be ren10ved by a sediment basin or 
buffer. 
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See the documentation for the \Vatershed Treatment Model (wvvw.cwp.org) for more 
information about these worksheets. 

Viewing Results 
As soon as you fill in data on the Primary and Secondary Sources ,vorksheets, loading 
calculations will appear on the Results ,vorksheet. Two pie charts ,vill be displayed one 
showing the distribution ofland use and the other shmv:ing the contribution of various 
sources of P to the end of the ,vatershed. The table of annual P loads deliberately does not 
indicate the units. The PSAT should only be used to assess relative contributions, not 
actual P loads. 

Because of uncertainty about inputs and default parameters in PSAT, the results pie chart 
should never stand alone. Ideally it should be displayed ,vith one or more other graphs 
that illustrate the range of possible values for the watershed. 

The l\tIPSAT compa1ison graph file. To create bar graphs comparing alternative 
scenarios, use the Excel file <lvfPSATcomparisongraph.xls> available on the PSAT \veb 
site (w-.vw.nmpi.umn.edu/psat). To use the file, 

1. Open <1,,1PS AT comparisongraph.xls> 

2. Go back to the PSAT ''Results'' ,vorksheet. Copy the data within the dotted lines 
(Figure 1). 

3. S ,vitch to 
<MPSATcomparis 
ongraph.xls>. Use 
nPaste special" 
from the edit menu 
to paste only the 
values starting in 
cell F8 (Figure 2). 

4. Repeat steps 2 and 
3 for another 
scenario for the 
watershed. This 
time, paste values 
starting in cell K8. 
There is room to 
paste six sets of 
data. 

5. Add chmt labels to 
ro,v 5. 

6. View ncomparison 
Chartu worksheet. 
(Figure 3) 

Figure 1. To graph the results, first select the highlighted 
cells. Click on "Copy" in the Edit menu. 

\A! B c<MPSAT.xls> ., .. ·.·<.•n•·.•·· I"' 

RESULTS 

P SOURCES 

R.lllltJll /ill) 
···········ow;;i,iriiii 

peopl<>(dw<>llil1g 
W;1te1 use (gpcdf 

~,<>f .. !f~~IUogs.""1.itl~.ll~f)ti,; 
% :septies W()l king [ 

•• $e11t1esfailing, 
~. septks ITP.HS 

Wo1 king septjts effluent (Tl' mg•Lt 
F.1llino sep~in;eff1uent(IP mwl! 
ITPH$ septks effluent !TP mg,ti 

Surf,11:e Soil fotill Pl%) 
Subsoil Tofat P i%fl 

S<:>il P ,mrknmenHactN : 
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Figure 2. Use the "Paste Special" command (Edit menu) to paste just the values into Cell 
F8 or KS or PS, etc. 

Figure 3. Data will be graphed in the Comparison Chart worksheet. 

<MPSATcomparisonc/Ja,txls> ~~-~~~~~~• D Vacant Lots 
[] NPDES bischargers 
D Road Sanding 
II Marine toilets/Recreation 
■ Geese 
D Channel Erosion 
D Illicit Connedions 
11.SSOs 
111 A,ctive Constrnctlon 
II Septic systems 
IIIIOpen Water 
Iii Confined Livestock 
~ Rural development 

airy 
rennials and pastL1re 

anure 
~--....J__JIIILCU,.IJC;...l.,;.ll..ll.l!i.-1.1.illl,l ire 

1-------✓-•-.... 1Click on the 
Comparison Ch art tab 

···---.---to view the graph. 

o Res1 ent1al 
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Sources of Input Data 

Rainfall 

Normal Annual Precipitation 

35 
34 
33 
32 
31 
30 
29 
28 
27 
26 
25 
24 
23 
22 
21 
21) 
19 
18 

inohu 

Land use 

Determining acreages involves defining the boundaries of your lake shed, detennining 
land uses, and summing up the acres of each land use. Land cover and land use 
information may be available from a local planning agency such as: 

• City zoning department, 

• County Planning and Zoning, Environmental Services, or Infonnation S crvices, 

• Watershed District, 

• Soil and vVater Conservation District. 

The Land ivlanagement Information Center (L1tflC) has a table comparing several 
sources of land cover data at 
http://v,7\Vw.lmic.state.nm.us/chouse/land use comparison.html. 

Land use data is available from the Land Management Information Center 
wvv\v.hnic.state.mn.us/chouse/land use.html, 
the DNR http://deli.dnr.state.rnn.us/data catalmchtml, 
and lvfetroGIS \Vvnv.datafmder.mg/index.as12. 

Soil phosphorus 

12 

Surface soil P. Convert agronomic soil tests to percent soil phosphorns using the 
following equations: 

?,iJ Pin soil= [321.9 + (2.785 X Olsen) + (29.11 X ?lo01v1)] I 10,000 

Olsen-P ppm = 0.65 X Mehlich-P ppm 

Olsen-P ppm = 0.71 X Bray-P ppm 

These calculations ,vill be done automatically in a table on the "Data Sources" Vlorksheet 
inPSAT. 
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Subsoil P. Use the map belo,v to estimate subsoil P. 

Septic systems 

Subsoil phosphorus 

.r-"7 L,,Jo.o4% P 

t*.·.··•··1 c:;::.:10.037% p 

;0.035% P 

iviany counties estimate the proportion of failing septic systems. The rv1innesota Pollution 
Control Agency provides state summaries of these estimates at 
http://vV\vvv.pea.state.nm.us/programs/ists/lo calgovemment.htrnl#annualreports. Request 
county level data from a county Environmental Services Department or by calling the 
11PCA (1-800-657-3864). Ask lake associations if any septic system surveys have been 
done in the watershed. 

Geese 

Examples of how people count geese are in: 

Cooper, J.A. 2006. 2006 Program Report. The Canada Goose Program. 
Page 24 ofhttp://vVv'l\v.ei.roseville.nm.us/counciV'parks/packets/2006/061205.pdf 

Cordts, Steve. 2005. The 2005 1v1innesota \Vaterfo,vl Breeding Population Survey. 
\Vetland Wildlife Populations & Research. 
http://files.dnr.state.mn.us/publications/wildlife/populationstatus2005/migratorybi 
rds.pdf 

Nlanny, B.A., \V.C. Jolmson, and R.G. Wetzel. 1994. Nutrient additions by ,vaterfo,vl to 
lakes and reservoirs: Predicting their effects on productivity and ,vater quality. 
Hydrobiologia. 279/280:121-132. 
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Scherer, N.M., H.L. Gibbons, K.B. Stoops and M. Muller. 1995. Nutrient loading of an 
urban lake by bird feces. Lake Reserv. Manage. 11(4): 317-327. 

Road sanding 

Contact the county high\vay department for information about the P content and quantity 
of sand applied to roads. 

Permitted Dischargers 

Data about National Pollutant Discharge Elimination System (NPDES) pennitees is 
public and available from the Minnesota Pollution Control Agency (~1PCA), but you 
may have to ask for help to acquire and interpret the numbers. Start with discharge data 
from the ~11PCA Environmental Data Access site at: 
http://\vw\v.pca.state.mn.us/data/eda/. Look for the discharge limits listed in the source's 
NPDES permit, additional emergency discharges, and data from the Discharge 
:rvfonitoring Reports (DNIR), ,vhich all pennitees must submit. 

Adjusting agricultural loading factors 

14 

At a vvatershed scale, agricultural land generally delivers less than 1 lb P/ac/yr to the end 
of the ,vatershed. However, values measured in Midvvestern watersheds vary from near 
zero to 6 lbs P/ac/yr. The highest values are measured during years of high precipitation 
or extreme nmoff events. If rainfall is held constan½ higher P loss vvould come from 
steeper land, land near \-Vaterways, erosive soils, erosive management practices, and land 
,vith surface manure or fertilizer applications. Furthermore, the size of the watershed 
matters. Higher per-acre P loads will be measured in rnnoff from a half-acre plot than in 
the drainage of a 200 mi2 watershed ,vhere deposition and adsorption of P occur 
throughout the watershed. For example, rates of 18 lbs P /ac have been measured in 
rnnoff from small research plots. 

Thus, agricultural loading factors for a ,vatershed should be selected to match: 

• Size of the watershed 

• Ag management practices 

• Soil and landscape characteristics 

Even when all three of these features are kept constant, actual P loads ,vill vary 
substantially from year to year depending on weather patterns. 

Use the follO\ving steps to improve the estimate of phosphorus loss from ag land 

1. Subdivide agricultural land. 
As much as possible, divide agricultural acreage into subcategories of cropping 
systems: ro,v crops vvith manure applications, row crops vvith no manure applications, 
and pasture or perennials. Further subdivisions by cropping system or landscape types 
may be helpful. Default loading factors for these basic categories are shmvn in Table 
1. 
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Table 1: PSAT default loading factors. 

Row crops with manure applications 0.8 
Row crops with no manure applications 0.6 
Pasture or perennials 0.2 
Mixed agriculture 0.5 
See explanation of factors in "Documentation" on page 17. 

2. Use the l\Unnesota Phosphorus Index (~IN P Index) to refine the loading factors. 
The !vfN P Index ( available at '\V\"'l\V.mnpi umn.edu) analyzes P loss risk from a ±arm 
field. It can accmmt for soil type, landscape, tillage practices, cropping systems, and 
manure application practices. For each ag land use category, create one or more 
scenarios that represent the typical farming systems in your ·watershed. Use the WIN P 
Index to detem1ine the P loss risk rating for each scenario. The l\1N P Index generates 
a P loss risk estimate for a field, not on a per-acre basis, but it can be used to suggest 
refinements to loading estimates. Use Table 2 to convert the NIN P Index results to a 
loading factor to be used in column H of the Prin1ruy Sources sheet in PSAT. 

Table 2: Converting MN P Index results to PSAT loading factors. 

MNPI results PSAT loading factor 
Very low <1 0.1 - 0,2 
Low 1 -1.9 0.2 - 0,5 
Medium 2-3.9 0.5- 0,9 
High 4-5.9 1.0-1.4 
Very high >6 >1.4 

3. Choose a range of loading factors. 
Based on the results from Step 2 and other relevant \vatershed data (see Appendix A: 
Ag P Load Data), choose lm;v and high loading factors for each ag land use category. 
Calculate PSAT results for both. By presenting results for a lo,v and high estimate of 
agricultural Ploss, you can account for hvo sources of uncertainty: l) Achial long 
tenn average P loads are unkno,vn; use a range to illustrate the possible values. 2) P 
loads vary ·widely from year to year; use a range to illustrate possible values in low 
versus high runoff years. 
Hmv much interannual variation can be expected? Of the ,vatershed data used to 
support this model, on average, individual sites varied more than six-fold betvveen 
high and low Ploss years. These ,vatersheds ,vere all less than 200 sq. mi. 1v1PCA 
(2004) used a factor of 3 .2 difference behveen P loss in ,vet years vs. dry years for 
estimating P loading from agriculhu-al land for the Upper Mississippi River Basin. 

4. Document your choices. 
Provide a justification for the loading factors selected. 
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Cautions 

Size of watershed 

PSAT is intended for small to medium-sized watersheds. Loading factors for rural areas 
are based on data from watersheds less than 200 sq miles, so the PSAT should not be 
applied to larger watersheds. In urban watersheds (more than 30% urban development), 
the maximum watershed size should be limited to 20 square miles. This is because the 
urban runoff estimate is based on the Simple Method, which was originally designed for 
development lots less than I mile square 

The tool could be applied to largenvatersheds (e.g. 8-digit HUCs) ifloading factors are 
adjusted accordingly. Consider applying the loading factors only to land within a 100 
meters from surface water as described in the statewide phosphorns assessment (:rvIPCA, 
2004. Especially Appendices C and I.). The :MPCA study used the coefiicients shown in 
Table 3 for the Upper Mississippi River basin. 

Table 3. Export coefficients for phosphorus load calculations for the Upper Mississippi 
River Basin. 

Kg/ha/y Lb/a/y 

Deciduous Forest 0.075 0.067 

Evergreen Forest 0.123 0.109 

Mixed Forest 0.13 0.116 

Shrubland 0.129 0.115 

Grasslands/ Herbaceous 0.169 0.150 

Agriculture 0.39 0.35 

From MPCA (2004): Table 8 of Appendix I, and Table 3 of Appendix C. 

Relative, not actual loads 

This tool is not a calibrated model so results represent relative contributions or relative 
changes. It cannot reproduce actual in-stream loads. 

The load reductions on the ''rvfanagement Practices" w·orksheets are sometimes calculated 
as a percent efficiencies. Ho,vever, some are calculated separately using a different 
method than used to calculate primary and secondary loading. So use caution when 
comparing the hvo values (primary or secondary load versus load reduction from 
management practices. Use the load reduction estimates to illustrate the relative 
magnitude of reductions possible. 

Annual averages 
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PS AT results are aimual averages that give no indication of variation ,vi thin or bet\veen 
years. Vlhen planning treatment, consider critical conditions during the year and p la11 for 
major events such as sno-\vmelt or large runoff events 
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Uncertainty 

Conservative assumptions in the model provide some margin of safety, hmvever and 
explicit margin of safety should be incorporated ,vhere specific targets are to be met, such 
as in a Tl\tIDL study. 

High soil test P 

PSAT cannot account for high soil test P levels in rural land near water bodies. The 
wll\TPI should be used in these situations to estimate risk. 

Forest P loads 

Forest P loads are assumed to be minimal in the PSA T calculations, but high loads are 
possible from isolated locations with high compaction or high sno,vmelt runoff 

Internal loading 

PSAT does not consider internal loading as a source ofP. 

Form of P 

PSAT does not differentiate behveen dissolved and particulate P. The tool only considers 
total P on the assumption that all P has the potential to become available. 

Watershed P loading 

PSAT is a model oflak:e P loading, not watershed P loading. For example, P may buildup 
in a watershed under septic tanks and in fields with heavy manure applications. But if 
there is no transpo1t mechanism, the P may not be canied to the lake to increase lake 
loading. 

Documentation 
Development of PSA T 

The Phosphorus Source Assessment Tool is a modification of the ,vatershed Treatment 
Model (\VT1v1) created by the Center for \Vatershed Protection. (See References, page 21, 
for do,vnload instructions.) Several significant modifications ,:vere made: 

• The \VfM ,vas designed primarily to assess stonmvater runoff from urbanized 
watersheds. Several agricultural land use categories were added to make it more 
useful in rural ,vatersheds. 

• Default loading factors ,vere changed based primarily on data from Minnesota 
and ,visconsin. 

• The PSAT focuses on phosphorus. Components for nitrogen and bacteria ,vere 
removed from the ¥lnvL 

• A new results reporting ,vorksheet ,vas added ,vith pie graphs of the results. 

The name ,vas changed to the Phosphorus Source Assessment Tool to reflect these 
changes, to emphasize that this tool is not a calibrated model, and because ,ve are not 
emphasizing the treatment component of the model. 

PSAT [Iser Guide and Documentation, July 2007 17 



Other modifications to the vVTM include: 

• Adding the option to account for septic systems that are an imminent threat to 
public health and safety (ITPHS) because counties routinely survey ITPHS 
systems along with failing and complying systems. 

• Adding the option to input subsoil P levels. This value, :instead of surface soil P, is 
used in the channel erosion estimate. 

• Deleting the combined sewer overflow component because combined se,vers have 
been all but eliminated from :tvf:inneso ta 

• In the livestock calculation, deleting poultry because they are virtually never on 
exposed lots, and adding horses because they occasionally are concentrated near 
water sources. 

• Adding the option to indicate the P content of road sand. \VT1..'1 did not consider 
road sand to be a som-ce ofP. 

• Deleting the la\vn subsurface :flo\v component because it has little significance for 
phosphorus. 

Urban land uses 

Phosphorus loss from urban land (residential, commercial, road\vay, and :industrial) is 
calculated by using the Simple ttfethod to estimate nmoffbased on percent impervious 
area and multiplying by a P concentration. The Simple 1'1ethod is: 

Load (lb P per acre)= mg P/L * Rainfall (in) * 0.9 * (0.05+0.009* %imperv) * 0.226 

( 0 .226 is a unit conversion factor) 

Default event mean concentrations (Table 4) are based on Bannennan et al. (1992 and 
1993), documentation for the vVTM (Caraco 2001) 

Table 4. PSA T default P concentrations in urban runoff. 

Urban land use 

Roadways 
Commercial 

Industrial 

Residential 

Default P concentration 
in runoff 

0.5 mg/L 

0.3 mg/L 

0.4 mg/L 

0.4 mg/L 

Rural land uses 
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Phosphorus loss from non-urban lands is calculated using default loading factors ( column 
K) in pounds of P per acre. No estimate of nmoff is made. 

Loading factors are estimates of the annual amount of phosphorus delivered to the lake or 
other endpoint of a ,vatershed, divided by the total number of acres in the watershed. In 
reality, phosphorus comes from critical areas in the landscape and does not t1ovv equally 
from all areas. 
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Agricultura I land uses 

P loading from agricultmal land was based on the studies described in Table 5, and on 
analyses done vvith the l\1N Phosphorus Index (~.,.fN PI). A scenario representing land use 
in two Nicollet County ,vatersheds (Birr 2006) ,vas analyzed in the :MN PL The resulting 
risk factor (3.3) ,vas four times the measured Ploss of0.8 lbs P/acre. Thus, we assumed 
that actual Ploss is 0.24 times aMNPI risk factor. We modeled typical ag scenarios with 
and ,vithout manure and used the 0.24 factor to convert :N1NPI results for each scenario to 
the loading factors used in PSAT. Ploss risk :from row crops ,vith manure applications 
varied widely depending on the amount and method of application. 

Table 5. Basis for agricultural loading values~ 

Value 

0.8 lb/a 

0.8 lb/a 

1 lb/a 

0.4 lb/a 

0.89 lb/a 

0.2 lb/a 

0.27 lb/a 

Description of source 

The average of total P loads from 13 studies of cropland in the Midwest larger than 1 
hectare from the MANAGE database (Harmel, et al. 2006). All sites were corn and/or 
soybeans, 4 to 150 acres. Averages ranged from 0.12 to 1.6 lb/ac. Four of the 5 sites 
that were >1 lb/ac were from MO which has higher precip than MN. P loads decrease as 
field size increases, so studies on very small plots were eliminated, including those in 
Merri s MN in the late 1960's (Young et al. 1977; Burwell at al. 1975) where rates of 5 to 
33 kg/ha were measured. 

Average of two 2800-acre watersheds in Nicollet County MN measured for three years 
(Birr 2006). Annual measurements ranged from 0.55 to 1.2 lb/ac. No association 
observed between P load and increased BMPs in one of the watersheds. (BMPs 
included switching from fall moldboard (MB) to chisel (FC) plowing, replacing open inlets, 
and nutrient management planning.) fVlanagem ent was generally corn/soybean rotation, 
20% of acres got manure, 25% of acres had fall MB, 66% had FC. 

Average P load from 20 Wisconsin watersheds with >80% agricultural land, ranging from 
2 to 200 sq.mi. (Corsi et al. 1997). P loads from agricultural watersheds tended to be 
higher than loads from either urbanized watersheds or predominantly forested/water 
watersheds. Values over 1 lb/a generally came from sites in the steeper driftless area of 
southwest WI. 

Agricultural loading factor used for the Upper Mississippi River Basin in the MPCA study 
of statewide phosphorus sources (Barr 2004). 

Loading factor used in WiLMS (Panuska and Kreider 2003) as the "most likely 11 value for 
row crop agriculture. 11Low" and 11high" values used in WiLIVlS were 0.45 and 2.67, 
respectively. Their values are based on data from smaller watersheds, i.e. ~20 sq. mi. 
WiLMS is am ode! used in Wisconsin for sim liar purposes as PSA T. 

The average of total P loads from five studies of pasture runoff in the Midwest from the 
MANAGE database (Harmel, et al. 2006). One site was 43 ha, the remainder were 6.3 
ha or less. So these results are probably high for the scale of a lake watershed. Three 
were rotationally grazed (0.1-0.28 lb/ac). Two studies in the database were excluded 
because the pastures were used as winter feeding lots. Total P losses from these sites 
were 0.9 and 1, 7 lb/ac. Another study was -excluded because it was alfalfa in rotation 
with corn and oats (0. 7 lb/ac ). 

The loading factor used in WiLMS (Panuska and Kreider 2003) as the nmost likely11 value 
for pastures. 11Low11 and lthigh11 values were 0.09 and OAS, respectively, 

Rural development 

The P loading factor of0.2 lb/a/yr is the result of the Simple Method (explained on page 
18Error! Bookmark not defined.) assuming 5% impervious cover, 26 inches of 
precipitation, and 0.4 mg P /L. This value makes sense because it is higher than forest 
losses but lovver than lovv density residential losses. 

A'iA .. T User Guide and Docwnentation, July 2007 19 



WiLMS (Panuska and Kreider 2003) used a loading factor of 0.09 lb/a as the "most 
likely" value for rural residential acres ( define as larger than one-acre lots). "Low If and 
!fhigh" values are 0.04 and 0.22, respectively. 

Forest, brush, and grassland 

PSAT uses a single loading factor of 0.1 lb/a for all areas of natural vegetation. The 
IvIPCA phosphorus sh1dy (Barr 2004) used loading factors of0.07 to 0.15 lb/a for natural 
plant communities, but only considered acreage within 100 m of water. \ViLMS (Panuska 
and Kreider 2003) used a loading factor of0.08 lb/a as the "most likelyn value for forest 
land, and 0.04 and 0.16 as the "low'* and "high" values. 

Open water I Atmospheric deposition 

The P loading factor of0.2 lb/a for open ,vater at the bottom of the watershed represents 
inputs from atmospheric deposition. The BATHTUB model uses a default value for 
atmospheric deposition of 0.27 lb/a. The MPCA phosphorus study (Ba1T 2004) uses a 
value of 0.15 lb/a for the Upper Mississippi River Basin. \ViLMS (Panuska and Kreider 
2003) used values of 0.1 lb/a and 0.3 lb/a for wetlands and lakes, respectively. VhLMS 
does not differentiate by location in the \vatershed. 

Septic systems 

Phosphorus concentrations in septic tank effluent of 1, 3, and 5 mg/L for conforming, 
failing and ITPHS systems, respectively, ,vere suggested by University oflviinnesota 
septic system specialists (Sara Clnistopherson, personal communication). The value of 1 
mg/L for conforming systems is reasonable for coarse soils but is probably high for finer 
soils. 

Default rates of25~10 of septic systems failing and 5% systems ITPHS (Imminent Threat 
to Public Health and Safety) are averages for central Minnesota counties from 2005 
annual repo1ts. 

The default value of 70 gallons of ,vaste per person day ,vas retained from the \Vatershed 
Treatment Model. It is slightly higher than the estimate of 60.4 gallons from Mayer et al. 
(1999). 

People generate about 2 lbs of P per person per year. This ends up in the septic tank, in 
the soil, in the water, or exported from the area. 

Livestock 

Geese 

20 

The manure P delivery factor was set at 3% on David Schmidt's suggestion and to better 
match results from the Minn.FARM model (David Schmidt, U1v1N manure feedlot 
specialist, personal communication). 

PSAT assumes an annual P production of0.8 lbs per goose, vlhich is the average of the 
two data sources: Scherer et al. (1995) and Manny et al. (1994). Scherer et al. used the 
following estimates: P is 1. 87% of goose droppings ( dry weight), geese average 8 lbs live 
vveight, and annual P production per bird is 1. 23 lbs or 0 .15 lbs P per lb of live ,veight. 
1-'Ianny et al. estimated an average live bird weight of5.6 lbs (measured during molting in 
1955) and 0.07 lbs of P per lb oflive ,veight. 
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Scherer et al. found little link between the amount of waterfowl and water quality. They 
pointed out that nutrients cycle through the birds quickly, so much of the P comes from 
food that ,vas eaten in or very near the lake, i.e., goose droppings may be more internal 
than external loading. 

Connorants and pelicans vvere not considered because no information about their effects 
\Vas readily available. 

Marine toilets/recreation 

The estimate of direct human \Vaste includes two separate calculations. The first follmvs 
the assumptions of the Watershed Treatment Model (WTM) for estimating dumping from 
marine toilets. The WT~11 assumes 8 gallons of vvaste per person per day vvith 10 mg/L 
phosphorus. 

The second calculation is based on monitoring done on Granite Lake in January and 
F ebrnary of 2007 (Wright County, Lake ID#086-0217; Raymond Rau, personal 
communication). They observed an average of 3.8 urine spots near each ice fishing site 
(ice house or cluster ofholes) per week. According to Etnier et al. (2005), human waste 
contains 365 g P (67%) in urine and 183 g P (33<}·6) in feces per year. Thus, assuming four 
urinations per day (no reference), each urine spot \vould contribute 0.25 g P. 
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Acronyms 
C\-V'P Center for Watershed Protection (vvvv,v.cvvp.org) 

dwelling units du 

gpcd 

gpd 

HDR 

HUC 

ITPHS 

LDR 

gallons per capita per day 

gallons per day 

high density residential 

Hydrological Unit Code 
(http:1/,vwvv.dnr.state.mn.us/\vatersheds/index.html) 

Imminent Threat to Public Health and Safety (Refers to a septic tank that 
drains effluent directly into surface water or to the ground surface.) 

low density residential 
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LMIC 

:MDR 

mg/L 

MinnFarm 

IvINPI 

IvIPCA 

1vIPSAT 

NPDES 

p 

ppm 

PSAT 

sf 

sso 
TrvIDL 

TP 

TSS 

\VDNR 

'vViLMS 

\VTM 
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Land Management Infonnation Center 

medium density residential 

milligrams per liter (equivalent to ppm) 

Minnesota Feedlot Annualized Runoff Model 
(http://vvvvw.manure.u11111.edu/applied/ope11_ lots.html) 

1,finnesota Phosphorus Index ( v~T\VW. mnpi.umn.edu) 

Minnesota Pollution Control Agency 

See PSAT. 

National Pollutant Discharge Elimination System (An EPA program that 
regulates discharges of pollutants from point sources such as waste 
water treatment plants or industrial waste.) 

phosphorus 

parts per million. In the case of nutrient concentrations in ,vater, ppm is 
equivalent to mg/L 

Phosphorus Source Assessment Tool, also called the Minnesota PSAT 
(MPSAT) 

square feet 

Sanitary Sewer Overt1mv (leaking into and out of sanitary sevver systems) 

Total lvfaximum Daily Load (the level of a pollutant input that will maintain 
the desired level of ,vater quality in a ,vater body) 

Total phosphorus 

Total suspended solids 

\Vis cons in Department of Natural Resources 

\Visconsin Lake Modeling Suite (Panuska and Kreider, 2003) 

\Vatershed Treatment J\.fodel (http://vv'\\T\V.stormwatercente:r.net/) 
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8Jmmary 
Nitrogen (N) is an essential plant nutrient that contributes 
greatly to the economic viability of inigated potato produc­
tion.Unfortunately, the nitrate form of N can leach into 
groundwater ifN is not managed properly. Contamination of 
water resources by agricultural production systems \Vill not be 
tolerated by the public and could lead to laws regulating the 
use ofN fertilizers if this contamination is not minimized. 

Research-based Best Management Practices (B£v1Ps) have 
been developed speciCcally for irrigated potatoes and integrat­
ed into the BMPs that were developed previously for other ag­
ronomic crops 011 coarse-textured soils. Various strategies are 
provided that take into account N rate, timing of application, 
method of application, and N source. Optimum N management 
also depends on the variety grovn1 and its harvest date, so ba­
sic principles are similar but speci Cc recommendations dif±er 
for early, mid-season, and late-season varieties. 

The main objectives of these BMPs are to maintain prouabil­
ity and minimize nitrate leaching. By following these recom­
mendations~ the threat of fertilizer regulations can be avoided 
and a more pro□able and better community can be attained. 

Introduction 
Nitrogen is an essential plant nutrient that is applied to Min­
nesota crops in greater quantity than any other fertilizer. In 
addition, vast quantities ofN are contained in the ecosystem, 
including soil organic matter. Biological processes that convert 
N to its mobile form, nitrate (N03), occur continuously in the 
soil system. (For greater understanding see: llnderstrmdi11g 
Nitrogen in Soil~ AG-FO-3770), Unforhrnately, nitrate can 
move (leach) belovv the rooting zone and into groundvvater. 

In response to the Comprehensive Groundvvater Protection 
Act of 1989, a Nitrogen Fe1tilizer J'.vlanagement Plan ,vas de­
veloped with the purpose of managing N inputs for crop pro­
duction to prevent degradation of 1'.vfomesota ,vater resources 
vvhile maintaining fanu proCtability. The central tool for 
achievement of this goal is the adoption of Best Management 
Practices for Nitrogen. Best management practices for N are 
broadly de0:1ed as economically sound, voluntary practices 
that are capable of minimizing nutrient contamination of 
smface and groundv;,rater. The primary focus of the B:r-.lfPs is 
commercial N fertilizers; ho,vever, consideration of other N 
sources and their associated agronomic practices is necessary 
for effective total N management 

General BMPs for a!I Regions of the state 
The use ofB:tvrPs is based on the concept that accurate deter­
mination of crop N needs is essential fo:r pro Dab le and envi­
ronmentally sound N management decisions. General B1V1Ps 

that apply to all cropping regions in the state are listed below: 

Adjust the N rate according to a realistic yield goal (for all 
crops except corn and sugar beets) and the previous crop 

Do not apply N above recommended rates 

Plan N application timing to achieve high efiliency of Nuse 

Develop and use a comprehensive record-keeping system 
for Celd speciC£ information. 

If manure is used, aq_just the N rate accordingly and fol1mv 
proper manure management procedures to optimize the N credit: 

Test manure for nutrient content 

Calibrate manure application equipment 

Apply manure unifonnly throughout a Celd 

Injection of manure is preferable, especially on steep 
sloping soils 

Avoid manure application to sloping, frozen soils 

Inc01porate broadcast applications \Vhenever possible 

For more detailed information on making the most efD~ient 
use of manure nutrients and avoiding potential adverse effects 
on vvater quality, see the University of Minnesota Extension 
publications listed at the end of this bulletin. 

The Need for Best Management 
Practicesfor Irrigated Potatoes 
Most of the BI'vfPs developed for crop production in Minne­
sota have been based on research \vith com and small grains. 
Management strategies for coarse-textured soils can be found 
in: Best 1tla11ageme11t Practices for Nitrogen u~e on C:oarse 
Textured Soils (08556, revised 2008). In contrast to most ag­
ronomic crops, potatoes are a relatively sha11mv rooted crop 
and require intensive management to promote grmvth and 
yield. In addition, adequate N needs to be available to main­
tain both yield and tuber quality. The shallmv root system of 
potatoes, the need for adequate N, and the extensive produc­
tion on sandy soils greatly increase the potential of nitrate con­
tamination of shallO\v aquifers under irrigated potato produc­
tion. Fortunately, University of Minnesota research strongly 
suggests that environmental impacts can be minimized by us­
ing nitrogen B1-1Ps sp-eciIJ:aHy designed for potatoes. 

While the general B1v1Ps developeti for com and small grains 
listed abovnvill also apply to irrigated potato production, 
BlvIPs focused on i1Tigated potato production a.re described 
vvithin this bulletin so that more precise management practices 
can be follmved. The research-based nitrogen BMPs discussed 
here, therefore, have been tailored speciCcaHy for potato pro­
duction 011 iffigated, coarse-textured soils. These BMPs are 
not o:nly environmentally sound, they are also potentially more 
proIJ:able. \Vhen N leaches belmv the potato root zone, vvhere 
it can degrade V>'ater quality, it also becomes a purchased input 



that is lost from the crop production system. EfCtient N man­
agement that minimizes losses provides both economic and 
environmental bene:Js. 

Speci 1-c Nitrogen Best Management 
Practices for Irrigated Potatoes 
Nitrogen management consid.erations for iffigated potatoes 
include decisions regarding: 1) N rate, 2) timing ofN applica­
tion, 3) use of diagnostic procedures to determine N needs 
during the grmving season, 4) effective ,vater management, 
5) sources ofN, and 6) establishment of a cover crop after 
harvest. Suggested N management approaches for different 
varieties and harvest dates of ilrigated potatoes are presented 
follm\;j,ng the discussion 011 Blv1Ps. 

f;electing a Realistic Nitrogen R:lte 
The rate ofN to apply to inigated potatoes primarily depends 
on the cultivar and date of harvest, expected yield goal, amount 
of soil organic matte1--, and the previous crop. Rates of N recom­
mended for potatoes can be found in Nutrient 1Ua11agementfor 
Comme:rcial Fruit a11d Vegetable Crops i111.l:lbmesota (AG­
BU-5886-F) and n1 Appendix A of this document Response to 
N by potato is typical of other crops in that the IJ:st increment 
offertilizer mmally brings about the greatest response in yield, 
followed by a more gradual increase \Vith succeeding n1cre­
me11ts ofN (Table 1). As the N rate increases, ho\vever, the 
potential for losses also increases. In addition to environmental 
concerns due to excessive N applications, high rates ofN can 
detrimentally affect potato production by promoting excessive 
vine grmvth, delaying tubes maturity, reducing yields, decreas­
ing speciCc gravity, increasing bro"vn center, and inducing 
knobby, malf01med, and hollow tubers. Selecting a realisticN 
rate is therefore importantfrom both a production and an e11vi­
ro11mental standpoint. Unfortunately, the effect of excess N 011 

tuber quality is dependent on soil moisture and temperature as 
svell as the cultivar gro,,11. This n1eans that the N rate at \vhich 
detrimental effects ,vill occur is difJ::ult to predict. 

~Nraternvalety, ha-vestd:rte, aidrealsticyie!dqca!s 

Difforent potato varieties and differences in harvest date will 
have a pronounced effect on yields and yield goals. Because 
of lm,ver yield and earlier harvest, early m.aturing varieties like 
Red Nor land (Table :2) generally require less N than later matur­
ing varieties, such as Russet Burbank (Table l ). A de IJ1itio11 of 
harvest date is as fo1lmvs: Early - vines are killed or the crop is 
green dug before August l; Mid-season - vines are killed or the 
crop is green dug before September 1; Late-vines are killed 
or the crop is green dug September 1 or latet: Unlike corn and 
sugar beets, the yield goal concept is still being used to guide N 
recommendations for potatoes, in conj1mction with variety and 
harvest date, until am ore complete measure of the N s11pplyi11g 
capacity of the soil is available. Currently N recommendations 
are also aqjusted for the amount of soil organic nrntter, \,i:th 
higher rates for lmv organic matter soils than for medium to 
high organic matter soils ,vhich have a greater capacity to re­
lease pl.ant-available N. Yield goal for potatoes is based on the 
total yield obtained rather than the maiketable yield, but the two 

are generally well-con-elated. A.n overestiniation of the yield 
goal will res11lt in excessive applications ofN~ \.Vhich can poten­
tially result in nitrate losses to groundvvater. 

Tale 1. R:sf:;cnreof R~ B.utank p:tacestonitrcga, ratea 88:ka­
NN, 2004-2C05. 
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Previous crop can also afiect N needs. Legumes in a crop rota­
tion can supply signi[cant N to subsequent crops. Research 
in Wisconsin 011 sandy soils (Kelling, et aL, 1991) found that 
maximum potato yields follm-··ving sorghum sudangrass re­
quired 40 lb/A more N than follmving red clover and 80 lb/A 
more N than when following alfalfa. Similar res11lts from a 20 
year study in the Netherlands found that N requirements for 
optin1um potato yield follm:ving oats were 60 lb N/A greater 
than following red clover and 90 lb N/A greater than follown1g 
alfalfa (Neeteson~ 1989). Failing to account for N supplied by 
legumes cm1 lead to a buildup of soil N and increase the poten­
tial for nitrate leaching. 

I~..i.rdgaJoo½fie.rfq~_nl.t.~.@.t.mt..ood.~i~Nfe.rti liza-arcrd: 
Ingy 
The amount ofN in the iiTigation ,vater should also be con­
sidered ,vhen adjusting N rates. Nitrate in inigation water can 
supply a portion of the N required for crop production. In N 
calibration studies on potatoes at Becker TvIN, the nitrate-N 
concentration in irrigation vvatern.mged from 7 to 10 ppm 
(patts per million). This concentration ofN in the ,vater 
should be considered as background, but amounts above 10 
ppm should be credited as fertilizer N. Additionally, the time 
to credit N from inigation water is when the plant is actively 
growing and taking up N. For late season potatoes this oc­
curs from 20 to 60 days after emergence (Figure 1), Because 
nitrate-N levels in inigation water can vary, samples of irriga­
tion water need to be tested annually during the pumping sea­
son to determine approximate nitrate-N concentrations. 



If nitrate-N in in-igation ,,11ter is one ppm, then each inch of 
itrigation water applied is equal to 0.225 pounds ofN applied 
per acre. As an exan1ple, if irrigation vvater is found to have 
20 ppm nitrate-N and 9 inches of vvater are applied during the 
active part of the growing season, then about 40 lbs of N/A 
would be supplied vvith the -...,11ter (0.225 * 9 * 20). After sub­
tracting the background amount of 20 lb NIA, the remaining 
20 lb NIA should be credited to,vard the total amount ofN ap­
plied. In practice, you will not kno\v how much N \Vas applied 
in irrigation vvater until after the active grovvih period when all 
or most of the N :fettilizer has already been applied, so for the 
cun-ent growing season you will have to estimate the N credit 
for ini.gation \\'ftter from records of previous years. 
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llrningof Nitrogen Application: Match N 
Application with Demand by the 0-op 

One of the most effective methods of reducing nitrate leaching 
losses is to match N applications 'With N demand by the crop. 
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Nitrogen applications in the fall are vety susceptible to leach­
ing. Nitrogen applied early in the season ,vhen plants are not 
yet established is also susceptible to losses vvith late spring and 
early summer rains. Most nitri u:ation inhibitors are not regis­
tered for potatoes and therefore cannot be recommended. Peak 
N demand and uptake for late season potatoes occurs betvveen 
20 and 60 days after emergence (Figure 1 ). Optimum potato 
production depends on hffv'ing an adequate S'upply ofN during 
this period. The recommendation is to apply some Nat plant­
ing for early plant gro\vih and to apply the majority of the N 
in split applications beginning slightly before (by 10 days) the 
optimum uptake period. This assures that adequate N is a-vail­
able at the time the plants need it and avoids excess Nearly in 
the season \Vhen plant grovvth is slmv and N demand is lm:v. 

Research at the Sand Plain Research Fann at Becker, with full 

season varieties like Russet Burbank, demonstrates that nitrate 
movement below the root zone can be reduced by lo ... vering the 
amount ofN in the starter fertilizer without affecting yields (Ta­
ble 4). Stat.ier fertilizer should contain no more that.1 40 lb NIA 
for full season vaii.eties. Uptake ofN by the crop (vines plus 
tubers) increases \\11en split N applications are used compared 
,vith large applications applied before emergence. Nitrogen ap­
plied through the hilling stage should be incorporated into the 
hill to maximize availability of the N to the potato root system. 

Just as N fe1tilizer applied too early in the season can poten­
tially lead to nitrate losses, so can N fertilizer applied too late 
in the season. Nitrogen applied beyond 10 weeks after emer­
gence is rarely beneCcial and can lead to nitrate accumulation 
in the soil at the end of the season. This residual nitrate is then 
subject to leaching. 

For determinate early harvested varieties like Red Norland, 
higher rates ofN in the starter may be heneCcial (Table 5). 
These varieties tend to respond to higher rates of early N than 
indeterminate varieties, hut the total amount of N required is 
generally lmver because of lmver yield potential and early har­
vest. In addition, late application of N to these varieties will 
tend to delay mahirity and reduce yields, particularly if the 
goal is to sell for an eai·ly market. In many cases it is not pos­
sible to know when the exact haivest date \V:ill be as this will 
depend 011 mai·ket demands as "\vell as weather conditions dur­
ing the season. Because of these unknovv11s it is impottant to 
have some Cexibility in both rate and timing ofN application. 
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Increases in Nuse efO::iency !iave been shmvn vvhen sorne of 
the N is injected into the inigation "\Vater after hilling (fertiga­
tion ). Because the mot system of the potato is largely con [hed 
to the rO\v area during eat.·ly grmvth~ do not fetiigate until 
plants m-e \Veil established and potato roots have begun to 
explore the furrow area behveen rmvs. This is usually about 



three vveeks after emergence. Nitrogen applications after this 
time are most beneCcial in years ,vhen excessive rainfall oc­
curs early in the grmving season (Tables 6 and 7). In dry years 
'\-vith minimal leaching, N applications later than 16 days after 
emergence shmv little if any advantages from a production 
standpoint over applying all of the N by that stage (Tables 7 
and 8). Hmvever, leaching losses can still be reduced. 
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If applications ofN later than 16 days after emergence are 
used, then 2/3 to 3/4 of the recommended N fertilizer should 
be applied by that stage. Timing of the remainder of the N 
applications should be based on petiole nitrate-N levels deter­
mined 011 either a d1y \Veight or sap basis. Table 9 shows sug­
gested sufCciency rnnges for Russet Burbank potatoes through 
the gro\v:i:ng season. Other potato varieties may vary slightly 

n 

in their sufO;iene:y ranges. Hmvever, the ranges in Table 9 are 
still a suitable starting point to a4_just post-emergence N appli­
cations for other varieties. Typically if N is needed, 20 to 40 lb 
N/A can be injected per application. 

Another potential in-season monitoring tool is soil testing for 
plant-available inorganic Nin the upper 12 to 18 inches of the 
soil. Samples should be collected from the hill area in sets of 
Cve soil cores and analyzed fornitrate-N and ammonium-N. 
One core should be from the top of the hill, one core from 
each side of the hill half-way up the side slope, and one core 
from each side at the base of the hill. Initial research on in­
season soil testing suggests that sufCcienc.y levels for total 
inorganic N (nitrate-N + ammonium N) in the 0-1 ft depth for 
Russet Burbank are about 140 lb NIA (35 ppm) during initial 
bulking (June) and 80 lb NIA (10 ppm) during early bulking 
(July). Additional research is necessary to calibrate in-season 
soil tests and detenufae ho,v much N to apply at spedC::c soil 
test levels. Soil testing should be vie,ved as a tool to help Dle 
tune N management and used in conjunction ,,;.,11th, not as a 
substitute for, petiole testing. 

One danger of relying on N applications through the irriga­
tion system occurs Yvhen rainfall patterns during the time for 
-fertigation are adequate or excessive. Applying N through the 
system in. this case may potentially lead to an increase in ni­
trate leaching if high amounts of irrigation \\'Ilter are also ap­
plied. In situations vvhere there is a demand for N, but rainfall 
has been adequate or excessive, 1ovv amounts (less than 0.3 
inch) of water should be applied ,vith the N fertilizer. Another 
potential problem with delayed N application occnrs \Vhen the 
potato crop dies back early due to insects or diseases. In this 
situation, N applied more than 16 days after emergence may 
not be used as efCciently and they may in.crease N leaching 
losses. It is essential therefore, that an integrated cropping ap­
proach be taken to minimize nitrate leaching losses. 

ng Appropriate Nitrogen S:Jurces 

Each fe1tilizer N source used for potatoes has advantages and 
disadvantages, depending on hmv they are managed. Hovv­
ever, because leaching often does occur in the spring, fertil­
izer sources containing nitrate (i.e. UAN-28 and ammonium 
nitrate) should be avoided at planting. Ammonium sulfate, 
diammonium phosphate, monoammonium phosphate, poly 
mnmonium phosphate (10-34-0)~ or urea are the preferred N 
sources for stmier fetiilizer. Advantages of urea compared 
with ammonium nitrate are greater availability~ lmver cost, and 
delayed potential for leaching. Disadvantages of urea are that 
it is hygroscopic ( attracts ,vater)~ it must be incorporated after 
application or ammonia volatilization losses may occur, and its 
slmv conversion to nitrate in cool seasons may reduce yields. 
Anhydrous ammonia may be beneCcial in delaying the poten­
tial for leaching losses; hmvever, positional availability of the 
Nin relation to the hill may be a problem ,vith sidedress appl: 
cations. Fmther research needs to be conducted on the use of 
anhydrous ammonia for potato. 
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Substantial reductions in nitrate leaching can occur if controlled 
release sources ofN are used (Table 7). Con trolled release N 
sources include polymer coated urea that can be fonnulated to 
release N over various time intervals. These controlled release 
sources can also be a1-1Plied earlier in the season vvithout the fear 
of nitrnte leaching losses. The main disadvantages of controlled 
release N fertilizer are delayed release to ammonium and nitrate 
\Vhen soil temperatures are cool and the higher cost of many of 
the products compared to conventional quick release N fertil­
izers. HO\vever, there are some nev;rer slovv release fertilizers 
011 the market that are more economical and the cost savings 
of being able to make a single N fe1tilizer application rather 
than multiple applications is another factor to consider. Table 
10 shows the yield response to ESN, a relatively low cost con­
trolled release N fertilizer, compared to quick release urea ap­
plied using stru1dard split application practices. When ESN ,vas 
applied at plru1ting there ,vas a reduction in marketable yield at 
the higher N rates compared ,vith ure~ but ESN (240 lb N/A) 
applied at en1ergence produced the highest total and mru·ketable 
yields in the study. Further research vvith lmv cost controlled 
release sources needs to be conducted to evaluate effects 011 tu­
ber quality and nitrate leaching. 
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\/\ater Management Srategies 
fgtQflQ:Q/.§l\~§:!Thll~"§Jt~@,file$i9PCQ/'i~.~=eqix~irri9g:­
tig, a:idni ni rrizel E£ming 
\Vater management has a profound effect on N movement 
While leaching of nitrate due to heavy rainfall cannot be 
completely prevented, fo1lovv111g the N management strate­
gies discussed above \"111 minimize these losses. However 
over-irrigation, even with optimum N rate applied and proper 
timing ofN application, can cause substantial leaching losses. 
Therefore, effective water scheduling techniques based on soil 
moisture content and demand by the crop should be follosved 
to prevent ::mch losses. For more information on irrigation 
scheduling, refer to: Irrigation Water 1}Ia11ngement Consider­
ations for Sandy Soils in il-rfinnesota, AG-F0-3875. 

Cover 0-ops Following Fbtatoes 
Eg~ittp~JrmJcil~ngoot~Q;§,~~]~Ji§, 
For early harvested potatoes (July/August), any nitrate remain­
ing :i11 the soil is subject to leaching with rainfall. Establish­
ing a cover crop such as .. winter rye will take up residual N to 
minimize this potential loss. An additional bene Cl of the cover 
crop is to reduce ,vi11d erosion. After the cover crop is killed or 
plowed under, N vvill be released from the vegetation the fol-
101,ving spring. Cover crops can also be planted after potatoes 
harvested in September/October, although the purpose here is 
more for erosion control than to reduce N losses. 

Speci cc Best M anagernent Practices for 
Irrigated Potatoes on Cbarse-Textured Soils 
Best management strategies for irrigated potatoes need to be 
some\vhat =exible because of differences due to soil type, un­
predictable ,veathe1; ru1d the numerous potato cultivars grov,n. 
Ho,vever, some general guidelines should be follo\ved \Vith 
the u11derstru1ding that modi Ccations may be necessary to 0: 
speciCc situations and that [he-tuning BMPs for N is an ongo­
ing process. Based 011 the research conducted with potatoes 
on sandy soils, the follov,ing best mrurngement options for N 
are suggested (these suggestions are based on research vvith 
Russet Burbru1k, an indetenninate late season variety and Red 
Norlru1d, a dete1minate early season variety; response may 
vary ,vith other varieties): 

Mid/late season varieties-Vines killed or green 
dug August 1 or later 
Option 1 - ,vhen fe1iigation is available: 

" Apply up to 40 lb N/A in the starter (this an1ount should be 
included in meeting the total recommended N rate) 

" Apply one-third to one-half of the recommended Nat or 
around emergence and cultivate/incorporate the fertilizer 
into the hill; if ESN is used, apply no later thru1 emergence 
and incorporate in the hill 

• If hilling at emergence is the Cnal hilling operation, begin 
fertigation 14-21 days later ru1d apply the remainder of the 
recommended N in increments not exceeding 40 lb N/A 

" If a Cnal hilling operation is done 10-14 days after 
emergence, apply one-third of the recommended Nat that 
time and cultivate/inco1porate the fertilizer into the hill. On 



heavier textured soils during rainy periods, it may not be 
possible to time this application pmperly due to ro\v closure; 
in this situation, the N can be applied using fettigation 

• Base timing of ::mbsequentN applications on petiole 
analysis; apply up to 40 lb N/A per application through the 
irrigation system 

• Establish a cover crop after harvest vvhenever possible 

Oution 2 - for mid/late season varieties '\Vhen fe1tigation is not 
available: 

• Apply up to 40 lb N/A in the starter (this amount should be 
included m meeting the total recommended N rate) 

• Apply one-third to one-half of the recommended N at or 
around emergence and cultivate/incorporate the fertilizer 
into the hill; if ESN is used, apply no later than emergence 
and incorporate in the h:ill 

• Apply the remainder of the recommended N rate at □rnl 

hilling and cultivate/incorporate the fertilizer into the hill 

• Establish a cover crop after harvest vil11enever possible 

Option 1 has generally show'Il better Nuse efiJ::iency, particu­
larly during years when excessive rainfa.11 has occuned before 
hilling. Remember that bestmanagem.ent practices are based 
on the most current research available. As more information 
becomes available thrnugh researc11 eff01is, some modiCcation 
ofBMPs may be necessary. 

Early season varieties1 with or without ferti gation -
Vines killed or green dug before August 1 
" Apply up to 60 lb N/A in the starter (this amount should be 

included in meeting the total recommended N rate) 

Appendix A 

• Apply one-third to hvo-thirds of the recommended N at or 
around emergence and cultivate/incorporate the fe1iilizer 
into the hill 

• Apply the remainder of the recommended N rate at Dlal 
hilling and cultivate/incorporate the fertilizer into the hill 

• If fettigation is available, base timing of subsequent N 
application on petiole analysis; if needed, apply up to 30 
lb NIA per application through the irrigation system; avoid 
late applications ofN, because that will delay mahirity 

• Establish a cover crop afier harvest 
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Appendix: Ag P Load Data 
Watershed-scale phosphorus loss data 

Region Watershed description Watershed lbs P / ac-yr area 

ac average min max 

Southeast WI Older loamy and sandy soils; steep, thin drift 95% agricultural 6400 0.08 0.06 0.09 Cor! 

WI, eastern forest Red calcareous clay; lacustrine, tilL 87% ag, 10% for-est and wetland. 69759 0.13 Cor! 

South-east Wl Dairy and specialty crops_ Irregular moraines. 96% ag_ 47103 0.24 0.13 0.82 Cor! 

Southeast WI Older loamy and sandy soils; steep, thin drift. 86% ag, 13% 
10752 0.30 0.22 0.68 Cor! urbanized. 

WI, eastern forest Red calcareous clay; lacustrine, tHL 86% ag, 8% for est and wetland, 6080 0.38 0.13 0.92 Cor! 6% urbani2ed 

Southeast Wl Dairy and specialty crops. Irregular moraines. 85% ag, 8% urbanized, 
23168 0.44 0.28 1.04 Cor! 

6% wetland.. 

Southeast Wl Dairy and specialty crops_ Irregular moraines. 85% ag, 10% urban. 5120 0.51 0.31 0.71 Car! 

Southeast WI Dairy and specialty crops. Irregular moraines_ 85% ag, 15% urban. 3648 0.53 Car! 

WI, drimess Steep slopes. A lot of forage and pasture. 82% ag, 17% forest 6720 0.54 0.10 1.59 Car: 

Southeast WI Dairy and specialty crops_ Irregular moraines_ 93% ag, 7% forest 1984 0.72 0.13 2.19 Cor! 

Southeast WI Dairy and specialty crops. Irregular moraines_ 90% ag, 8% urban. 11712 1.02 0.29 2.25 Cor! 

WI, Driftless area Steep slopes. A lot of forage and pasture. 99% ag. 18240 1.07 Cor! 

WI, eastern forest Red calcareous clay; lacustrine, tilL 99% ag_ 9472 1.07 0.97 2.81 Cor! 

Southeast WI Older loamy and sandy soils; steep, thin drift 89% ag, 6% forest and 
127358 1.13 Cor! wetland. 

WI, Driftless area Steep slopes. A lot of forage and pasture 99% ag_ 27136 1.28 1.13 5-73 r:or! 

WI, Driftless area Steep slopes. A lot of forage and pasture. 99% ag_ 5952 1.45 0.72 2.19 

WI, Driftless area Steep slopes. A lot off orage and pasture. 100% ag 6144 1.Et0 0.38 6.19 Cor: 

WI, M. Cent forest Moraines, sandy· outwash. 92% ag, 8% forest 2688 1.55 0.60 2.50 Cor: 

WI, Drlftless area Steep slopes. A lot of forage and pasture 100% ag 3456 1.89 1.06 2-73 Cor! 

WI, Driftless area Steep slopes. A lot of forage and pasture 100% ag 1792 2.05 0.85 0.32 Cor! 

WI, Driftless area Steep slopes. A lot of forage and pasture. 100% ag 9600 2.38 1.17 3.58 Cor! 

Dane County, WI Dairy. 90%i ag_ 256 0.68 Pan 

Southeast WI Dairy and specialty crops. Irregular moraines_ 93% ag. 26304 0.49 0.26 0.72 Pan 

Southeast WI Dairy and specialty crops_ Irregular moraines_ 94% ag. 8128 0.76 Pan 

Southeast WI Dairy and specialty crops. Irregular moraines. 95% ag. 15616 0-47 0.29 0.65 Pan 

Southeast Wl Dairy and specialty crops. lrregular moraines. 72% ag. 13939 0-49 0.48 0.50 Pan 

WI, M. Cent forest Moraines, sandy outvvash. 84% ag, 13% water_ 813 0.68 Pan 
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Treynor, IA Com, conventional tHlage, terraclng_ 60 0.22 0.02 0.54 AlbE 

Treynor, IA Com, conventional tillage, contour farming 33.6 0.41 O.D7 1.15 AlbE 

Treynor, IA Corn, conventional tillage, contour farming 30 0.62 0.08 1.89 AlbE 

Pottawattamie County, 
Corn, conventional tillage, contour farming 33.6 0.86 0.53 1.18 Buri 

IA 

Eastern SD Alfalfa, bromegrass pasture 4.1 0.09 Han 

Eastern SD Pasture 6.3 0.22 Han 

Coshocton, OH Kentucky Bluegrass, Orchardgrass, RotationaHy Grazed 0.09 OW( 

Coshocton, OH Kentucky Bluegrass, Orchardgrass, Rotationally Grazed 0.15 Ow( 

Coshocton, OH 
Kentucky Bluegrass, Orchardgrass. Summer grazed, winter feeding 

0.89 Owt 
lot. 

Coshocton, OH 
Kentucky Bluegrass, Orchardgrass. Summer grazed, winter feeding 

1.66 Ow( 
lot. 

Treynor, IA Bromegrass, rotationally grazed 43 0.25 0.07 0.45 Sch 

Knox County, MO Soybeans, No Till, contour farming, waterway 4.44 0.31 0.27 0.36 Uda 

Knox County, MO Soybeans No Till, waterway 4.44 1.16 0.45 2.31 Uda 

Knox County, MO Corn No THI, water.vay 4.44 1.47 0.27 3.20 Uda 

Knox County, MO Corn No Till, contour farming, waterway 4.44 1.60 1.51 1.78 Uda 

Knox County, MO 2 yr corn-soybean rotation. Conservation tillage, waterway. 1.65 0.89 Uda 

Knox County, MO 2 yr com-soybean rotation. Conservation tillage, waterway. 3.16 0.98 Uda 

Chickasha, OK Wheat 5.3 1.42 0.53 3.82 Rec 

Swift Current, Spring wheat, summer stubble, 2-yr rotation 5 0.31 0.09 0.53 Rec 
Saskatchewan 

Spring wheat, summerfallow 5 1.20 0.36 2.05 Rec 

Spring wheat, fall fertilized summertallow 5 2.Ei8 0.18 4_98 Rec 

Coshocton, OH Winter grazed, summer rotational, orchardgrass and bluegrass cover 3.20 Rec 

Coshocton, OH Summer grazed 0.76 Rec 

Chickasha, OK Continuous grazing, little bluest em cover, active gullies 11.1 1.30 0.24 3.44 Rec 

Rhode River Watershed, Continuous grazing with some supplementary 'Ninter feeding, some 
351.2 3.38 Rec 

MD hay production 

Chickasha, OK Rotation grazing little bluestem cover, good cover 11 0.22 0.02 1.28 Rec 

Chickasha., OK Continuous grazing 7.8 4.36 Oln1 

Chickasha, OK Continuous grazing 11.1 0.68 O!n1 

Chickasha, OK Rotationally grazed pasture 9.6 2.75 Oln1 

Chickasha, OK Rotationally grazed pasture 11 0.18 Oln1 
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Response of Processing Potato Varieties to Nitrogen and 
Enhanced Efficiency Fertilizers 

-2008-

Carl Rosen, Peter Bierman, and Matt McNeamey 
Depruiment of Soil, vVater and Climate, University 0Hv11innesota 

crosen@umn.edu 

Summary: A field experiment was conducted at the Sand Plain Research Fann in Becker, Minn. 
to evaluate the effects of nitrogen rate, source and timing on yield and quality of four processing 
potato varieties/selections: Russet Burbank, Umatilla, Premier, and AOND95249-1Rus, a 
selection from NDSU potato breeding program. Ten N treatments were evaluated. Six of the ten 
treatments \-Vere conventional N sources \vi.th the following N rates (lb/A): 30, 120, 180, 240 
(early), 240 (late) and 300. Four of the ten treatments were ESN: 180 and 240 lb N/A preplant and 
180 and 240 lb Ni.A at emergence. A staiier N rate of 30 lb N/A as monoammonium phosphate 
was included in the total N rate applied. Release of N from ESN tended to be 20-30 days faster 
than that recorded u1 previous years, suggesting that the coating was either different or pel'haps 
damaged. In general, marketable and total yields of all vru:ieties increased ,vith increasing N rate 
,vith optimum yield behveen 180 and 240 lb NIA depending on timing and source. For 
conventional Nat the 240 lb N/A rate more up front N ,vas optimum for Russet Burbank, Premier, 
and AOND95249-1Rus, ,vhile late season N was optimum for Umatilla Except for Umatilla, 
yields '\-vi.th ESN applied prepla11t ,vere generally higher than \.vith ESN applied at emergence. For 
Umatilla, yields vvith ESN applied at emergence tended to be higher tha11 those ,vith ESN applied 
preplant, \>Vhich is consistent ,vith late season N response ,vith conventional N sources. Russet 
Burbank at1d Premier tended to be the highest yielding varieties followed by AOND95249-1Rus 
and then Umatilla. Premier, AOND95249-1Rus, at1d Umatilla all had fe,ver misshaped potatoes 
than Russet Burbank \>\'1.th AOND95249-1Rus having the few-est #2 potatoes. Tubers greater than 
6 and 10 oz were highest for AOND95249-1Rus and lo,vest for Umatilla. Hollo'\-v heart incidence 
was highest in Russet Bmbank follO\ved by Premier, AOND95249-1Rus and then Umatilla. 
Specific gravity was highest in AOND95249-1Rus follO\ved by Premier, Umatilla and then Russet 
Burbank. Chip color was darkest for Russet Burbank. Stem and bud end glucose concentrations 
were highest for Russet Burbank followed by Umatilla} Premier, and then AOND95249-1Rus. 

Studies ,vith ESN, a controlled release N fertilizer, have been conducted for the past four years 
using only 'Russet Burbank' as the test cultivar. The main findings have shmvn that the 
fertilizer can be used as a substitute for mru1y split applications of U AN ,vith fertigation. There 
is strong interest in evaluating ne\V cultivars such as 'Umatilla', 'Preimer' from the n01ilnvest 
breeding program and a new selection, AOND95249-1Rus, from the NDSU breeding program 
that produce better quality potatoes. Specific advantages of the new cultivars/selection include 
better tuber m1iformity and less susceptibility to sugar ends. The best results \vith ESN indicate 
an early sidedress application provides the best yield and quality. Hmvever, there is intei-est in 
using ESN as a preplant fertilizer. In previous studies, use of ESN sho,vs the greatest advantage 
of reducing nitrate leaching when excessive rainfall occurs in May and June. Because the release 
characteristics of ESN can affect tuber set and bulking of potatoes, evaluation this new 
technology is essential for adoption. The use of newer cultivars in combination ,vith ne,ver cost 
effective urea coated fetiilizer technology has the potential to greatly improve Nuse efficiency in 
potato and reduce nitrate losses. Research over different grmving seasons is needed to evaluate 
the N response and use efficiency characteristics of new cultivars in comparison with Russet 
Burbank, as well as to estimate an N budget (inputs vs. outputs). These data will be useful for 
growers to more efficiently manage N for these cultivars. 



The overall goal of this research is to optimize N f eiiilizer management for ne,v processing 
potato cultivars under Minnesota grm:ving conditions. Specific objectives include: a) Determine 
the effect of N rate and source on tuber yield and quality of ne,v cultivars/selections potato 
cultivars and b) Evaluate the effectiveness of a cost-effective coated urea product on tuber yield 
and quality of the potato cultivars/selections. This is the first year of a three year study. 

1\!Iaterials and l\'1ethods 

This study was conducted at the Sand Plain Research Farm in Becker, Jvfinnesota on a Hubbard 
loamy sand soil. . The previous crop vvas rye, followed by a mustard green manure that vvas 
plovved dovm in the fall of 2007. Selected soil chemical properties before planting were as 
follO\vs (0-6''): pH, 6.4; organic matter, 2.0~-f,; Bray Pl, 33 ppm; an1monium acetate extractable 
K, Ca, and 1vig, 124, 766, and 143 ppm, respectively; hot water extractable B, 0.2 ppm; Ca­
phosphate extractable SO 4-S, 1.5 ppm; and DTPA extractable Zn:, Cu, Fe, and ~/In, 1.2, 0.5, 23.2, 
and 5.9 ppm, respectively. Extractable nitrate-N and ammonium-Nin the top 2 ft of soil \Vere 
17.8 and 16.8 lb/A, respectively. 

Four, 23-ft W\VS ,vere planted for each plot ,,rith the middle nvo rows used for sampling and 
harvest. Cut "A,,_ Russet Burbank, Umatilla, Premier, and AOND95249-1Rus seed were hand 
planted in funows 011 :~,1Iay 8, 2008. The Umatilla, Premier, and AOND95249-1Rus seed were 
treated ,vith NuBark, while the Russet Burbank seed was untreated. Row spacing \Vas 12 inches 
within each row and 36 inches between rows. Each treatment ,vas replicated four times for each 
variety in a randomized complete block design. Admire Pro ,vas applied in-fi.uTow for beetle 
control, along v1rith the systemic fungicides Moncut 70DF and Ultra Flourish. Weeds, diseases, 
and other insects ,vere controlled using standard practices. Rainfall vvas supplemented ,vith 
sprinkler irrigation using the checkbook method of irrigation scheduling. 

Each cultivar ,vas subjected to 10 N treatments with different N sources, rates, and application 
timing as described in Table 1 below. A complete factorial arrangement was used \Vith cultivar 
and N treatment as main effects. 

Preplant ESN fertilizer vrns applied 9 days before planting 011 April 28 and disked in. The 30-lb 
N/A application at planting as MAP vvas banded 3 inches to each side and 2 inches belmv the 
seed piece using a belt type applicator. For all treatments, banded fertilizer at planting included 
130 lb P2O5/A as mon01mnonium phosphate or triple superphosphate (for the ON control), 180 
lb K2O/A as potassium chloride and potassi1m1 magnesium sulfate, and 20 lb Mg/A and 45 lb 
SIA as potassium magnesium sulfate. Emergence N applications ,vere supplied as urea and 
mechanically incorporated during hilling. Post-hilling N vvas applied by hand as 50% granular 
urea-N and 50% ammonium nitrate-N, which was ,vatered-in with ovei·head inigation to 
simulate fertigation ,vith a 28% UAN solution. Emergence fertilizer was applied 011 May 21 and 
post-hilling N was applied on June 13, June 23, July 7, and July 21. 

A \VatcbDog weather station from Spectrum Technologies was used to monitor rainfall, au 
temperature, and soil ten1perature at the fetiilizer band depth. :rv1easured amounts of ESN 
fertilizer ,vere placed in plastic mesh bags, buried at the depth of fertilizer placement both at the 



time of preplant application and at emergence, and removed at regular intervals to track N 
release over time. Plant stands ,vere measured on June 19 and the number of stems per plant ~.:vas 
counted on June 24. Tuber set ,vas measured June 30 (for 3 blocks) and July 1 (for the 4th 

block). Petiole samples were collected from the 4th leaf from the terminal on three dates: June 
25, July 9, and July 29. Petioles ·were analyzed for nitrate-Non a dry ·weight basis. 

Table L Nitrogen treatments tested on processing potato varieties. 
Treatment J!~pl~i.~t Planting I Emerg~11ce Post-hilling~* Total 

------------------------ N sources* and rates (lb N/A) ------------------------
1 0 0 0 0 0 
2 0 301viA..P 50 Urea l0UANx4 120 
3 0 3011AP 70 Urea 15 UANx4 180 
4 0 30MA.P 90 Urea 30UANx4 240 
5 0 30MAP 50 Urea 40UANx4 240 
6 0 30MAP 90 Urea 45UANx4 300 
7 150 ESN 301V1AP 0 0 180 
8 210 ESN 30 :rv1AP 0 0 240 
9 0 30MAP 140 ESN 0 180 
10 0 30 :rvV\.P 200 ESN 0 240 

*ESN = Environmentally Smart Nitrogen (44-0-0), :MAP= monoammonium phosphate urea= 
46-0-0, UAN = a combination of granular urea and ammonium nitrate. 
**Post-hilling N ,vas applied 4 times at 10-14 day intervals. 

Vines ,vere harvested on Sept 24 (from 3 blocks) and Sept 26 (from the 4th block) from hvo, 10-
ft sections of ro,v, follu·wed by mechanically beating the vines over the entire plot area. Plots 
were machine harvested on Sept 30 and total tuber yield and graded yield were measured. Sub­
samples of vines and tubers were collected to determine moistme percentage and N 
concentrations, vvhich vvere then used to calculate N uptake and distribution vvithin the phmt 
(Note: all the data for N uptake were not available at the time of this report and therefore ·will be 
presented at a later time). Tuber sub-samples were also used to determine tuber specific gravity 
and the incidence of hollow heart and brovvn center. Stem and bud end sugar contents after 
frying were detennined after harvest Additional fry tests will be made after si-x months of 
storage at about 45 F. 

RESULTS 

\Veather 

Rainfall and irrigation for the 2008 growing season are provided in Figure 1. From April 20 to 
Sept 23, approximately 20 inches of rainfall ,vas supplemented with 13 inches of inigation. In 
general, there were many small leaching events throughout the season, with one large event near 
the end of the gmwing season. Leaching events (greater than 1 inch of \Yater) occmTed at 10, 26, 
37, 43 and 126 days after planting. Air and soil temperature measurements are provided in 
Figure 2. 



Nitrogen Release from ESN 

Figure 3 shoyvs release of N from ESN applied preplant and at emergence. Release of N from 
ESN tended to be faster than that recorded in previous years. In 2007, approximately 90% ofN 
was released by 80 days after planting for preplanted fertilizer and by 90 days after planting for 
ESN applied at planting and emergence. In 2008, 90% has been released by 50 days after 
planting for the preplant application and by about 60 days for the emergence application. Given 
the later plm1ting date in 2008 compared ,vith 2007, the shorter release time may have been 
advantageous. It is unclear why release rates were faster in 2008 as soil temperatures were 
ach1ally cooler early in the season than in 2007. 

Tuber Yield 

Nitrogen rate, source, a11d timing comparisons 

Tables 2-5 shmv the effects of N application rate, source, and timing on tuber yield and size 
distribution for the four processing varieties. For Russet Burbank (Table 2), marketable and total 
yields increased wi.th increasing N rate with optimum yield behveen 180 and 240 lb NIA 
depending on timing and source. Numerically highest total, marketable and #1 yields vvere ·with 
ESN applied preplant at the 240 lb NI A rate. Yields with preplant ESN tended to be higher than 
those with emergence applied ESN. Within conventional N sources at the 240 lb N/A rate, N 
applied earlier (treatment 4) tended to result in higher yields than N applied later in the season 
(treatment 5), although differences vvere not statistically significant. At equivalent N rates, N 
source did not significantly affect yield. For Umatilla (Table 3), marketable and total yields 
increased with increasing N rate with optimum yield at about 240 lb NIA depending on timing 
and source. Numerically highest marketable yields were with conventional N applied later in the 
season at the 240 lb NI A rate and ESN applied at emergence at the same rate. \1lithin 
conventional N sources at the 240 lb NI A rate, N applied later (treatment 5) resulted in higher 
yields than N applied earlier in the season (treatment 4). ESN applied at emergence tended to 
result in higher yields than ESN applied preplant, which is consistent with the late season N 
response ,,rith conventional sources. At equivalent N rates, N source did not significantly affect 
yield, except for ESN applied at emergence (treatment 10) resulted in higher yields than 
conventional N applied upfront (treatment 4). For Premier, (Table 4), marketable and total yields 
increased \vith increasing N rate with optimum yield between 180 and 240 lb NI A depending on 
tin1ing and source. Numerically highest total, marketable and # 1 yields were with ES N applied 
preplant at the 180 lb N/ A rate. Yields vvith preplant ESN tended to be higher than those ,vith 
emergence applied ESN at the 180 lb NIA rate, but no differences due to timing ,vere observed at 
the 240 lb N/A rate ,vith ESN. Within conventional N sources at the 240 lb N/A rate, N applied 
em·lier (treatment 4) tended to result in higher yields than N applied later in the season (treatment 
5), although differences were not statistically significant. At equivalent N rates, N source did not 
significantly affect marketable yield. For AOND95249-1Rus (Table 5), marketable and total 
yields increased ,vith increasing N rate with optimum yield between 180 and 240 lb NIA 
depending on timing and source. Numerically highest total, marketable and #1 yields ,vere ,vith 
ESN applied preplant at the 180 or 2401b NIA rates. Yields \\11th preplant ESN tended to be 
higher than those ,vith emergence applied ESN. \Vithin conventional N sources at the 240 lb N/A 



rate, N applied earlier (treatment 4) tended to result in higher yields than N applied later in the 
season (treatment 5), although differences were not statistically significant. At the 240 lb NIA, N 
source did not significantly affect yield, but at the 180 lb N/ A rate, ESN applied preplant resulted 
in higher yields than conventional N and ESN applied at emergence. 

General varietal comparisons 

Russet Burbank and Premier tended to be the highest yielding varieties followed by 
AOND95249-1Rus and then Umatilla. Premier, AOND95249-1Rus, and Umatilla all had fe,ver 
misshaped potatoes than Russet Burbank with AOND95249-1Rus having the fewest #2 potatoes. 
Tubers greater than 6 and 10 oz were highest for AOND95249-1Rus and lmvest for Umatilla. 

Stand Count, Stem Number and Tuber Quality 

Nitrogen rate, source, and timing comparisons 

Tables 6-9 show the effects of N application rate, source, and timing on stand count, stems per 
plant hollO\v heart, specific gravity and frying quality for the four processing varieties. For 
Russet Burbank (Table 6), stand ranged from 97 to 100% and ,vas not affected by treatment. 
Stems per plant ranged from 3.1 to 4.3 per plant and ,vas not affected by treatment Incidence of 
hollmv heart ,vas quite high ranging from 10 to 26% with inconsistent effects of N treatment. 
The control treatment had a high incidence ,vhile ESN applied preplant at 180 lb N/A had the 
lowest incidence. Late season applied N (treatment 5) resulted in the highest incidence of hollow 
heart. Specific gravity ,vas not affected by treatment and generally high for all treatments. Chip 
color, AGT score, stem and bud sucrose ,vere not affected by treatment. Stem and bud end 
glucose ,vere affected by treatment. Increasing N rate tended to decrease glucose in the stem and 
bud ends. Late season N (treatment 5) tended to increase stem and bud glucose compared ,vith 
early season N (treatment 4). For Umatilla (Table 7), stand ranged from 93 to 99% and was not 
affected by treatment. Sterns per plant ranged fom1 3 .1 to 4.5 per plant and was affected by 
treatment, but not consistently by N rate, source or timing. Reasons for the effects on stem count 
are not clear. Incidence ofhollovv heart ,vas quite lo,v ranging from Oto 10% with inconsistent 
effects of N treatment. ESN applied preplant at 180 lb N/A resulted in a 10% hollow hemi 
incidence, while there ,vas no hollow heart with the other three ESN treatments. Specific 
gravity was not affected by treatment and generally high for all treatments. Chip color, AGT 
score, stem and bud end sucrose, and stern end glucose were not affected by treatment. Bud end 
glucose ,vas affected by treatment ,vith the early season N (treatment 4) resulting in the highest 
glucose concentrations. Premier (Table 8), stand ranged from 97 to 100% and ,vas not affected 
by treatment. Stems per plant ranged form 3 .9 to 4.5 per plant and was not affected by treatment 
Incidence ofhollmv heart rm1ged from 5 to 16% and ,vas not significantly affected by treatment. 
Specific gravity ,vas not affected by treatment and generally high for all treatments. Frying 
quality was also not affected by treatment. For AOl\1D95249-1Rus (Table 9), stand ranged from 
83%) to 93% and was not affected by treatment. Sterns per plant ranged fom1 1.9 to 2.4 per plant 
and ,vas not affected by treatment. Incidence of hollow heart ,vas ranged from 3 to 9% and ,vas 
not affected by treatment. Specific gravity ,vas quite high. Highest specific gravity ,vas in the 
control plots ,vhile Im-vest specific gravity was found in early season conventional N plots 
(treatment 4). Chip color, and stem m1d bud end glucose ,vere not affected by treatment AGT 



score and stem and bud end sucrose ,vere affected by treatment, but ,vere not consistently related 
to N rate, timing, or source. 

General va,~ietal comparisons 

AOND95249-1Rus tended to have the lowest stand count and lmvest number of stems per plant 
than the other varieties, vvhich may have resulted in larger tubers. This selection likely has fe,ver 
eyes per tuber, ,vhich could result in more blanks and fewer stems per plant. Hollow heart 
incidence ,vas highest in Russet Burbank followed by Premier, AOND95249-1Rus and then 
Umatilla. Specific gravity was highest in AOND95249-1Rus followed by Pren1ier, Umatilla and 
then Russet Burbank. Chip color was darkest for Russet Burbank. Stem and bud end glucose 
concentrations were highest for Russet Burbank followed by Umatilla, Premier, and then 
A01'1D95249-1Rus. 

Petiole Nitrate-N Concentrations 

Nitrogen rate, source, anti timing comparisons 

Petiole N03-N concentrations on three dates as affected by N rate, N source, and N timing are 
presented in Tables 10-13. As expected, petiole N03 -N generally increased ,vith increasing N 
rate for all varieties and decreased as the season progressed. Petiole N03-N levels with the 300 lb 
N/A rate applied at planting were generally the highest of any treatment, especially later in the 
season, and may explain the decrease in yield at this rate compared ,vith lower rates if they 
stimulated vine grovvth at the expense of tuber bulking. 

Differences between urea and ESN treatments ·were significant throughout the sampling dates, 
but the differences depended on the time of the season. In contrast to previous years, petiole 
NOrN was significantly higher with ESN than with urea on the first sampling date and lower 
than urea on the last sampling date. In previous years, ESN vvas usually lmver than urea on the 
first sampling data and higher than urea on the last sampling date. These results are consistent 
with the quicker release pattern observed for ESN early in the grovving season. The fertilizer 
used in 2008 was farmer grade ESN, which may have more cracks in the coating than the 
research grade that vve have used in the past. The cracks in the coating would likely cause a 
quicker release regardless of temperature. 

General varietal comparisons 

At the June 25 sampling date, petiole nitrate levels ,vere higher for Umatilla and AOND95249-
1Rus than Russet Burbank and Premier. Difference became less distinct towards the July 29 
sampling date. Based on yield responses to N, petiole nitrate levels should be higher for 
Umatilla early in the growing season and during later bulking stages than for the other varieties. 
Futiher research is needed to determine more precise levels required for this variety in the 
:rvfid,vest. 



CONCLUSIONS 

Release ofN from ESN w·as 20-30 days faster than that recorded in previous years, suggesting 
that the coating ,vas either different or perhaps damaged. In general, marketable and total yields 
of all varieties increased with increasing N rate ,vith optimum yield between 180 and 240 lb NLt\ 
depending on timing and source. For conventional N at the 240 lb N/A rate more up front N ,vas 
optimum for Russet Burbank, Premier, and AOJ\1D95249-1Rus, while late season N was 
optimum for Umatilla. Except for Umatilla, yields 'with ESN applied preplant ,vere generally 
higher than with ESN applied at emergence. For Umatilla, yields tended to be higher with ESN 
applied at emergence that ,vith ESN applied preplant, which is consistent ,vith the late season N 
response with conventional sources. Russet Burbank and Premier tended to be the highest 
yielding varieties followed by AOND95249-1Rus and then Umatilla. Premier, AOND95249-
1Rus, and Umatilla all had fe,ver misshaped potatoes than Russet Burbank with AOND95249-
1Rus having the fe,vest #2 potatoes. Tubers greater than 6 and 10 oz were highest for 
AOND95249-1Rus and lowest for Umatilla. Hollow hea11 incidence was highest in Russet 
Burbank follO\ved by Premier, AOND95249-1Rus and then Umatilla Specific gravity was 
highest in AOND95249-1Rus follO\ved by Premier, Umatilla and then Russet Burbank. Chip 
color ,vas darkest for Russet Burbank. Stem and bud end glucose concentrations vvere highest 
for Russet Burbank follu\ved by Umatilla, Premier and then AOND95249-1Rus. 

Support for this project ·was provided in 2005 by the Environment and Natural Resources Ttust 
Fund as recommended by the Legislative Commission on 1\!linne.sota Resources, Agrium Inc., and 
the Area 11 Potato Growers Association. 
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T bl 2 Eff t f N t a e ec.o ra e, source, an df . 1111111g on usse ur R tB bank tub er y1e an size 1S n U 1011. . Id d . d. t 'b f 
Nitro! en Treatments Tuber Yield 

N N N #1 #2 

Trtmt Source Rate Timing1 0-4 oz 4-6 oz 6-10 oz 10-14 oz > 14oz Total >4oz >4o: 
# lb NIA PP,P,E,PH ------------------------------ -------------------------- cwt I A ---------------------------------------
1 control 30 0,30,0,0 96.5 213.1 195.6 63.1 18.9 587.2 215.6 275.1 
2 urea 120 0,30,50,40 83.0 156.3 278.2 88.3 37.4 643.1 386.7 173.4 
3 urea 180 0, 30, 70,60 72.7 133.1 316.3 128.7 45.6 696.3 506.4 117.2 
4 urea 240 0,30, 90,120 82.8 126.1 295.8 147.6 43.7 695.8 532.0 81.1 
5 urea 240 0,30,50, 160 72.0 97.7 265.9 158.5 73.9 668.0 494.2 101.£ 
6 urea 300 0,30,90, 180 86.0 101.0 258.3 154.9 62.9 663.1 460.8 116.3 
7 ESN 180 150,30,0,0 88.4 194.1 309.8 75.8 21.4 689.5 490.8 110.3 
8 ESN 240 2·10, 30, 0, 0 66.5 127.6 322.1 125.9 58.8 700.8 553.3 81.1 
9 ESN 180 0,30, 150,0 68.9 127.0 288.6 123.4 50.0 657.8 454.7 134.2 
10 ESN 240 0,30,210,0 80.0 115.9 314.5 125.1 33.2 668.7 529.9 58.8 

Sig nificance2 NS ** li"?t ** * '"' ,t,1- * .. 

LSD (0,10) --- 35.3 38.6 39.0 31.3 35.4 52.7 36.3 
1PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 4 post-hilling applications were as follows: 20%, 20%, 30% 
2NS =Non-significant;++,*,**= Significant at 10%, 5%, and 1%, respectively. 

T 11 1 Ef:b t f N t a) e ~. ec 0 ra e, source, an d ti . mmgon ma1 a U fll tub ery1e an s1ze 1S JUlOn. . ld d . d. trit f 
Nitro~ en Treatments Tuber Yield 

N N N #1 #2 

Trtmt Source Rate Timing1 0-4 oz 4-6 oz 6-10 oz 10-14 oz > 14oz Total >4 oz >4o 
# lb NIA PP,P,E,PH cwt/A 
1 control 30 0,30,0,0 126.1 124.8 176.6 17.5 3.7 448.5 309.4 13.1 
2 Urea 120 0,30,50,40 135.5 167 .0 207.2 30.1 8.4 548.2 395.6 ~~ () 

3 Urea 180 0,30, 70,60 133.1 147.6 251-4 46.1 8.7 586.9 442.5 
4 Urea 240 0, 30,90, 120 135.8 135.9 254.3 61.9 25.5 613.5 457.8 -,~.9 
5 Urea 240 0,30,50, 160 112.9 138.7 281.7 73.7 26.4 633.4 480.5 40.1 
6 . . . LJrea 300 .. o .~o, $.O, JJm ... 135.2 .. l9f:LI. ?9J,6 . qi3,~ 25,5 .. P.41,5 .. 4E.Ht6 .. . J?J 
7 ESN 180 150.30 0 0 159.1 191.6 230.0 30.1 6.5 617.3 442.9 15.2 
8 ESN 240 210,30,0,0 143.1 176.5 259.7 47.2 27.7 654.1 494.5 16.6 
9 ESN 180 0,30, 150,0 94.5 122.7 263.9 77.1 32.0 590.2 480.0 15.7 
10 ESN 240 0,30,210,0 92.9 138.0 258.4 106.6 28.1 624.0 503.4 27.7 

Significance2 '1<1< ** ** -Jd< '1<1< -Jd< -J<1< * 
LSD (0.10) 16.6 20.1 342 19.9 14.8 35.5 42.5 13.2 

1PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 4 post-hilling applications were as follows: 20%, 20%, 30(}1 
2NS::: Non-significant++,*,== Significant at 10%, 5%, and 1%, respectively. 



Tabl 4 Eff t fN t e ec o ra e, source, an df . 1111mgon p . tub ret111er ery1e an size lS U 1011. . Id d . d. trib f 
Nitro! en Treatments Tuber Yield 

N N N #1 #2 

Trtmt Source Rate Timing1 0-4 oz 4-6 oz 6-10 oz 10-14 oz >14oz Total >4oz >4o 
# · JbN /A PP,P,E,PH . cwt/ A 

1 control 30 0.30,0,0 46.8 86-2 252.6 83.5 14.7 483.8 419.0 17.9 
2 Urea 120 0.30, 50 40 51.5 110.8 286.4 106.8 29.5 585.1 510_9 22.7 
3 Urea 180 0,30, 70,60 58.1 107.8 304.4 136.9 31.1 638.3 552.4 27.8 
4 Urea 240 0,30, 90,120 55.2 91.2 292.1 146.8 64.1 649.3 570.7 23.4 
5 Urea 240 0,30,50, 160 43.4 75.1 270.2 159.2 69.8 617.7 529.2 45.1 
6 Urea 300 0,30,90, 180 52.0 86.3 279.5 155.9 73.5 647.3 558.1 37.2 
7 ESN 180 150,30,0,0 50.9 119.4 311.1 144.8 36.2 662.3 591.2 20.2 
8 ESN 240 210,30,0,0 43.9 77.3 274.6 166.4 85.5 647.6 574.5 29.2 
9 ESN 180 0,30, 150,0 44.9 73.3 289.2 158.3 60.2 625.9 558.3 22.8 
10 ESN 240 0,30,210,0 52.7 85.6 279.5 166.8 62.8 647.5 577.0 17.8 

Signific:anc:E32 
NS * NS = = ?.1< 1<1< ++ 

LSD (0.10) -- 26.1 - 37.2 26.3 37.6 40.9 18.2 
1PP, P, E, PH = Preplant, Planting, Emergence, and Post-Hilling, respectively; 4 post-hifling applications were as follows: 20%, 20%, 30(} 
2NS =Non-significant;++,\== Significant at 10%, 5%, and 1%, respectively. 

Table 5. Effect ofN rate, source, and timing on AOND95249-1Rus tuber yield and size distribution. 
'-' 

Nitro~ en Treatments Tuber Yield 
N N N #1 #2 

Trtmt Source Rate Timing1 0-4 oz 4-6oz 6-10 oz 10-14 oz > 14oz Total >4oz >4o 
# lbN/ A PP,P,E1 PH ---... --------------- ----------------------------------- cwt / A -------------------------------------- --
1 control 30 0,30,0,0 22.7 71.5 230.5 54.0 19.9 398.5 372.8 3.0 
2 urea 120 0,30,50,40 14.6 70.1 253.7 113.0 38.6 490.1 474.9 0.6 
3 urea 180 0,30, 70,60 20.2 74.4 284.0 96.8 40.4 515.7 494.2 1.3 
4 urea 240 o.~o,Qo,140 22.1 58.0 249.1 139.1 85.9 554.2 529.6 2.5 
5 urea 240 Q,30,5Q,16Q 19.1 59.5 221.8 138.1 105.5 5.44-0 520.6 4.2 
6 urea 300 0,30.90, 180 25.5 56.4 222.8 166.4 84.0 555.0 526.6 2.9 
7 ESN 180 150,30,0,0 22.5 78.1 261.3 137.3 83.9 583.0 557.4 3.1 
8 ESN 240 210,30,0,0 25.8 61-4 228.5 148.1 121.5 585.4 556.2 3.3 
9 ESN 180 0,30, 150,0 16.0 57.4 269.8 130.7 59.1 533.0 514.8 2.2 
10 ESN 240 0,30,210.0 20.9 58.7 252.3 136.7 103.1 571.6 549.2 1.5 

Si~nificance2 ++ NS NS "'" ";'.~1; ** 'I;:~ NS 
LSD (0.10) 9.1 - -- 22.4 42.7 32.8 30.6 --

1PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 4 post-hilling applications were as follows: 20%, 20%, 30% 
2NS =Non-significant;++,"',*"'= Significant at 10%, 5%, and 1%, respectively. 



T bl 6 Et] t f N t a e ec.o ra e, source, an df . nmngon usse. ur rs an R tB bank t d coun , s ems per p an ✓ an t t 1 t dtub ~- -.· 

Nitrogen Treatments Tuber Quality Frying QuaJ ity 
N N N Hollow Specific Chip AGT Stem Bl 

Trtmt Source Rate Timing1 Heart Gravity Color Score Sucrose Glucose Sucrose 
# lb NIA PP,P,E,PH % 
1 control 30 OT 3()t Q,O 22.5 1.0821 3.0 50.5 0.454 8.172 2.229 

2 urea 120 0,30T50,40 16.9 1.0867 3.0 50.8 0.265 6.998 2.066 
3 urea 180 0,30, 70,60 18.0 1.0895 2.5 53.5 0.298 4.840 1.693 

4 urea 240 0,30.90, 120 15.0 1.0882 2.8 52.0 0.204 4.102 1.513 
5 urea 240 0 30.50 160 26.3 1.0873 3.0 52.8 0.269 5.033 1.886 
6 urea 300 Q,~Q,~QL1~Q . J~'.{) .J'.9~07 ?.5 Ei3J .. 0.418 3.6Q8 1.508 

7 ESN 180 150 30 0, 0 10.0 1.0926 3.0 52.3 0.295 4.410 1.763 
8 ESN 240 210, 30,0, 0 19.8 1.0888 2.5 53.3 0.260 3.737 1.586 
9 ESN 180 0 30,150, 0 21.3 1.0885 3.0 51.3 0.250 4.428 2.047 
10 ESN 240 0,30t210t 0 13.2 1.0931 2.5 53.8 0.321 4.322 2.015 

Significance2 1<: NS NS NS NS "k,\" NS 
LSD (0,10) 8.6 -- -- --- -- 1.493 ---

1PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 4 post-hilling applications were as follows: 20%, 2{ 
2NS = Non-significant; ++, *, ** = Significant at ·10%, 5%, and 1 %, respectively. 

Table 7. Effect ofN rate, source, and timing on Umatilla stand count, stems per plant, and tuber quality. 
Nitro~ en Treatments Tuber Quality Frying Quality 

N N N Hollow Specific Chip AGT Stem 81 

Trtmt Source Rate Timing1 Heart Gravity Color Score Sucrose Glucose Sucrose 
# JbN/ A PP, P1 E, PH % -
1 control 30 0 30T 0, 0 0.0 1.0919 2.8 52.8 0.864 1.505 1.f 
2 urea 120 0, 30T 50 40 1.0 1.0924 2.8 53.5 1.116 1.049 1.7~ 
3 urea 180 of 30, 70, so 0.0 1.0949 2.5 54.5 0.962 1.191 1.824 

4 urea 240 0, 30, 90,120 1.0 1.0922 25 54.0 1.111 1.410 2.184 
5 urea 240 0, 30, 50,160 0.0 1.0939 2_0 55.8 1.160 1-050 1.603 
6 urea 300 0, 30, 90,180 2.0 1.0945 2_5 54.0 1.313 1.297 2.086 
7 ESN 180 150, 30! 0,0 10.0 1.0911 2.8 52.5 0.867 1.267 1.606 

8 ESN 240 210 30. 0 0 0.0 1.0900 2.8 52.5 0.882 1.129 1.757 
9 ESN 180 0, 30,150, 0 0.0 1.0935 2.8 54.3 1.015 1.295 1.712 
10 ESN 240 0, 30, 210,0 0.0 1.0880 3.0 52.3 0.956 1.174 1.869 

Significance2 * NS NS NS NS NS NS 

LSD (0.10) 5.8 --- -- --- -- -- --
1PP. P. E, PH= Prep!ant. Planting, Emergence, and Post-Hilling, respectively; 4 post-hilling applications were as follows: 20%, 2( 
2NS =Non-significant;++,*,**= Significant at 10%, 5%, and 1 %, respectively. 



Table 8. Effect ofN rate, source, an d .. tunmg on Premier stan d 1 count, stems per p ant, an d b tu er qu ar 1ty. 

Nitro~ en Treatments Tuber Quality Frying Quality 
N N N Hollow Specific Chip AGT Stem Bt 

Trtmt Source Rate Timing1 Heart Gravity Color Score Sucrose Glucose Sucrose 
# lb N/ A PP, P, E, PH % 
1 control 30 0 30 o. 0 6.0 1.0960 2.5 54.8 1.315 1.275 1.791 

2 urea 120 0, 30t 50,40 8.0 1.0940 2.5 57.8 1.284 1.183 1.696 
3 urea 180 0, 30t}01 60 7.0 1.0906 2.0 58.3 1.357 1.140 2.108 

4 urea 240 0 30, 90,120 7.1 1.0911 2.0 56-5 1.432 0.838 2.102 

5 urea 240 0,30,50, 160 5.0 1.0894 2.3 57.3 1.728 0.984 2.372 

6 urea 300 0, 30J 90,180 13.1 1.0918 2.3 56.0 1.754 0.730 2-435 

7 ESN 180 150 30, 0 0 8.9 1.0974 2.0 58.8 1.230 0.861 1.928 
8 ESN 240 210. 30 0.0 16.0 1.0897 2.3 55.3 1-493 0.783 2.177 
9 ESN 180 0,30. 150,0 10.1 1.0915 2.0 56.5 1.384 1.006 2.262 

10 ESN 240 0, 30. 210.0 14.0 1.0914 2.3 57_5 1.413 0.630 1.777 

§Jgnificance2 NS NS NS NS NS NS NS 
LSD (0.10) - - --- - -- - ---

1PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 4 post-hilling applications were as follows: 20%, 21 
2NS = Non-significant; ++, *, *1< = Significant at 10%, 5%, and 1 %, respectively. 

T l: 1 9 Ef:6 t f N t a1 e ec o ra e, source, an 1m111gon - - us san conn , s ems per p an , an l t df . AOND9~249 lR t d t t 1 t d hb 
Nitrogen Treatments Tuber Quality Frying Quality 

N N N Hollow Specific Chip AGT Stem Bl 
Trtmt Source Rate Timing1 Heart Gravity Color Score Sucrose Glucose Sucrose 

# lb N /A PP,P,E,PH % 

1 control 30 0, 30, 0.0 4.0 1.1117 2.0 ~i6_5 1.859 0.534 2.000 

2 urea 120 0, 30, 50,40 5.0 1-1081 2.5 56_5 1-540 0.491 1.522 
3 urea 180 0, 30, 70,60 7.0 1-1093 2.0 57_0 1.624 0.510 1-716 

4 urea 240 0 30 90 120 g_o 1 _0969 2.5 54.5 1-299 0.431 1.746 

5 urea 240 0,30, 50,160 3_0 1.1069 2.3 55.5 1.392 0.347 1.972 

6 urea 300 0, 30, 90,180 5_0 1.1045 2.0 58.5 1.503 0.238 2.002 

7 ESN 180 150, 30,0, 0 6.0 1.1038 2.5 53.8 1.117 0.392 1.490 
8 ESN 240 210 30, 0 0 9.0 1.1037 2.3 56_0 1.686 0.509 2.236 
9 ESN 180 0, 30,150, 0 9.0 1.1068 2.5 53.8 1-2Ei9 0.419 1.541 

10 ESN 240 0, 30,210, 0 g_o 1.1081 2.0 58_0 1.860 0.578 2.215 

Significance2 NS "Ide. NS ++ ++ NS JI" 

LSD (0.10) - 0.0033 - 3.5 0.530 - 0.495 
1PP, P, E, PH = Preplant, Planting, Emergence, and Post-Hilling, respectively; 4 post-hilling applications were as follows: 20%, 20 
2NS =Non-significant;++,*,"'*= Significant at 10%, 5<3'o, and 1 %, respectively. 



T bl 10 Ef£ t f N t a e ec o ra e, source, an df . unmg on usse ur an pe 10 e m a e- ev R t B b k f I ·tr t N 1 els. 

Nitro~fen Treatments 
N N N N03-N, ppm 

Trtmt Source Rate Timing1 

# lb N /A PP,P,E,PH June 25 July 9 July 29 
1 control 30 0,30,0,0 4378 852 673 
2 urea 120 0,30, 50,40 12436 4669 1442 
3 urea 180 QL3QL70,.§Q 12330 8339 4034 
4 urea 240 0,301901120 16177 11619 8073 
5 urea 240 0,30, 50,160 16926 12749 12248 
6 urea 300 0,30, 901180 19341 14868 13966 
7 ESN 180 159, 30,Q, 0 19006 7826 3311 
8 ESN 240 210,30,0,0 21033 13528 4105 
9 ESN 180 0,30, 150,0 17222 6010 2341 
10 ESN 240 0,30,210,0 18565 10802 3759 

Significance2 j.k ** ** 

LSD (0.10) 2346 1729 2500 
1PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 

4 post-hilling applications were as follows: 20% 1 20%, 30%, 30%. 
2NS = Non-significant; ++, *,**=Significant at 10%, 5%, and 1 %, respectively. 

Tabl 11 Eff t fN t e ec o ra e, source, an df . nmng on ma1 ape 10 em a e- eves. U fll f 1 ·tr t N 1 1 
Nitrogen Treatments 

N N N N03-N, ppm 

Trtmt Source Rate Timing1 

# lb N / A PP, P,J:,f)H June 25 . JyJy 9 ~yly 2.9 
1 control 30 0,30,0,0 9897 1512 116 
2 urea 120 0,30, 50,40 17481 7753 1254 
3 urea 180 0,30, 70,60 18253 10112 2812 
4 urea 240 0,30,90, 120 19190 13362 9060 
5 urea 240 0,301501160 18122 15342 16185 
6 urea 300 0, 30, 90,180 20856 15676 17424 
7 ESN 180 150,30,0,0 22513 8894 1318 
8 ESN 240 210,30,0,0 25214 14361 3282 
9 ESN 180 Q,301150,0 22448 12507 2113 
10 ESN 240 0,30, 210,0 17482 9605 2794 

Significance2 
** ** ** 

LSD (0.10) 5177 4604 2616 
1PP, P, E, PH= Preplant, Planting, Emergence 1 and Post-Hilling, respectively; 

4 post-hilling applications were as follows: 20%, 20%, 30%, 30%. 
2NS = Non-significant; ++, *,**=Significant at 10%, 5%, and 1 %, respectively. 



Tabl 12 Ef£ t fN t e ec o ra e, source, an df . mung on f 1 ·tr t N l l Pr em1erpe 10 em a e- ' eves. 
Nitro~ en Treatments 

N N N N03-N, ppm 

Trtmt Source Rate Timing1 

# lb N / A PP,P,E,PH June 25 July 9 July 29 
1 control 30 0, 30, 0,0 8328 908 88 
2 urea 120 0,30, 50,40 12614 4559 716 
3 urea 180 0,30L70,(30 18497 9356 3356 
4 urea 240 0,30,90, 120 22708 13525 7634 
5 urea 240 0, 30, 50,160 17781 14363 12716 
6 urea 300 0,30, 90,180 19303 15671 14398 
7 ESN 180 1501301()10 24068 6800 1870 
8 ESN 240 210,30,0.0 27112 11782 5274 
9 ESN 180 0,30, 150,0 22821 9825 1926 
10 ESN 240 0, 30,210,0 21238 12901 2869 

Significance2 -H;: ** ** 

LSD (0.10) 5202 2513 2759 
1PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 

4 post-hilling applications were as follows: 20%, 20%, 30%, 30%. 
2NS = Non-significant; ++, *, ** = Significant at 10%, 5%, and 1 %, respectively. 

Tabl 13 Eff t fN t e ec o ra e, source, an nmng on~ I - us pe 10 em a e-....., df . AOND95?49 1 R f 1 ·tr t N levels. 

Nitrogen Treatments 
N N N N03-N, ppm 

Trtmt Source Rate Timing1 

# lb N / A PP,P,E,PH June 25 July 9 July 29 
1 control 30 0, 30, 0,0 11858 4468 342 
2 urea 120 0,30,50,40 18120 8325 2730 
3 urea 180 Q, ~01ZP1 .. §0 18915 11129 4869 
4 urea 240 0,30,90, 120 24204 17094 11394 
5 urea 240 0, 30, 50,160 21547 15486 13726 
6 urea 300 0,30, 90,180 23648 19562 16056 
7 ESN 180 150,301010 23776 11425 4740 
8 ESN 240 210,30,0,0 24763 18369 4259 
9 ESN 180 0,30, 150,0 21772 13856 2838 
10 ESN 240 0,30,210,0 22751 18455 3817 

§igriifi~ance2 
** ** -

LSD (0.10) 2177 3035 1709 
1PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 

4 post-hilling applications were as follows: 20%, 20%, 30%, 30%. 
2NS =Non-significant;++,*,**= Significant at 10%, 5%, and 1 %, respectively. 



Response of Processing Potato Varieties to Nitrogen Source, Rate, and Timing 
-2009-

Carl Rosen, Peter Bierman, and Matt McNearney 
Department of Soil, Water, and Climate, University of Minnesota 

crosen@umn.edu 

Summary; A field experiment was conducted at the Sand Plain Research Farm in Becker, 
Minn. to evaluate the effects of nitrogen rate, source and timing on yield and quality of 
four processing russet potato varieties/selections: Russet Bmbm1k, Umatilla Russet, 
Premier Russet, and Bannock Russet Ten N treatments ,vere evaluated. SL"'{ of the ten 
treatments were conventional N sources ,vith the follm,ving N rates (lb/A): 30, 120, 180, 
240 (early), 240 (late) and 300. Four of the ten treatments ,vere ESN: 180 and 240 lb NIA 
preplant and 180 and 240 lb NIA at emergence. A sta1ier N rate of 30 lb N/A as 
monoammonium phosphate ,vas included in the total N rate applied. Release of N from 
ESN ·was similar to that recorded in 2008 and tended to be 20-30 days faster than that 
recorded prior to 2008, suggesting that the coating more abraded than :in previous years. In 
general, mru·ketable and total yields of all varieties increased with increasing N rate with 
optimum yield benveen 240 lb N/A and 300 lb N/A depending on timing and source. For 
conventional N at the 240 lb N/A rate, more up front N was optimum for all varieties. 
Unlike 2008 ,vhen Umatilla responded favorably to late season applied, Umatilla vines 
died back early in 2009 due to disease, ,vhich apparently prevented efficient use of late 
season applied N. Russet Burbank tended to be the highest yielding variety followed by 
Bannock and Premier, and then Umatilla. P1·emier, Bannock, and Umatilla all had fe,ver 
misshaped potatoes than Russet Burbank v.11th Premier having the fewest #2 potatoes. 
Tubers greater than 6 and 10 oz were highest for Premier followed by Bannock, R1isset 
Burbank and then Umatilla. Hollm.v heart incidence was highest in Bannock, followed by 
Premier, Russet Burbank, and then Umatilla. Surface scab incidence ,vas highest \vi.th 
Umatilla, followed by Russet Burbank and then Bannock and Premier. Specific gravity 
was highest in Russet Burbank and Umatilla, follo,ved by Premier, and then Bannock. 
Stem and bud end chip color was darkest for Russet Burbank and lowest for Premier. 
AGT scores were highest for Premier and lowest for Russet Burbank. Stem end glucose 
concentrations \Vere higl1est for Russet Burbmik followed by Bannock, and then Premier 
and Umatilla. 

Background: Studies ,vith ESN, a controlled release N fertilizer, have been conducted for 
a number of years using 'Russet Burbank' as the test cultivar. The main findings have 
shown that the fertilizer can be used as a substih1te for many split applications of UAN 
,vith fertigation. In 2008, a study ,vas initiated to evaluate this product as \Vell as 
characterize N response of some of the newer cultivars available for processing. The 
cultivars evaluated in 2008 included: 'Umatilla Russet', 'Premier Russet' from the 
northwest breeding program and a new selection, AOND95249-1Rus, from the NDSU 
breeding program. In addition, 'Russet Burbank' vvas included as the conventional 
cultivar. In 2009, 'Russet Burbank', 'Umatilla Russet', 'Premier Russet' and Bannock 
Russet (also from the North\vest breeding program) ,vere evaluated. Specific advantages 
of the new cultivars/selections include better tuber unifonnity and less susceptibility to 
sugar ends. The best results with ESN indicate an early sidedress application provides the 
best yield and quality. However, there is interest in using ESN as a preplant fe:tiilizer. In 
previous sh1dies, use of ESN sho,vs the greatest advantage of reducing nitrate leaching 
when excessive rainfall occurs in 1v1ay and June. Because the release characteristics of 



ESN can affect tuber set and bulking of potatoes, evaluation of this new technology is 
essential for adoption. The use of newer cultivars in combination with newer cost 
effective urea coated fertilizer technology has the potential to greatly improve N use 
efficiency 111 potato and reduce nitrate losses. Research over different growing seasons is 
needed to evaluate the N response and use efficiency characteristics of new cultivars in 
comparison wi.th Russet Burbank, as well as to estimate an N budget (inputs vs. outputs). 
These data will be usefol for growers to more efficiently manage N for these cultivars. 
The overall goal of this research is to optimize N fertilizer management for ne,v 
processing potato cultivars under Minnesota growing conditions. Specific objectives 
include: a) Determine the effect of N rate and source on tuber yield and quality of new 
cultivars/selections potato cultivars, and b) Evaluate the effectiveness of a cost-effective 
coated urea product on h1ber yield and quality of the potato cultivars/selections. This is 
the second year of the study. 

l\faterials and l\tlethods 

This sh1dy ,vas conducted at the Sand Plain Research Fann in Becker, 1-finnesota on a 
Hubbard loamy sand soil. The previous crop was rye. Selected soil chemical properties 
before planting ,vere as follows (0-6"): pH, 4.9; organic matter, 2.2%; Bray Pl, 19 ppm; 
ammonium acetate extractable K, C~ and Mg, 62, 319, and 37 ppm, respectively; Ca­
phosphate extractable SO4-S, 3.3 ppm; and DTPA extractable Zn, Cu, Fe, and Mn~ 1.2, 
0.5, 99.1, and 31.6 ppm, respectively. Extractable nitrate-N and ammoniurn-N in the top 2 
ft of soil ,vere 10.9 and 14.1 lb/A, respectively. 

Prior to planting, 250 lb/A 0-0-60 and 250 lb/A 0-0-22 ,vere broadcast and incorporated 
with a moldboard plmv. Four, 20-ft rows were planted for each plot ,vith the middle hvo 
rows used for sampling and harvest. ,¥hole ''B" seed of Russet Burbank, and cut "A" 
seed of Umatilla, Premier, and Bannock ,vere hand planted in finTovvs on April 24, 2009. 
Row spacing was 12 inches within each row and 36 inches behveen rmvs. Each treatment 
was replicated four times for each variety in a randomized complete block design. Admire 
Pro ,vas applied in-forrow for beetle control, along vvith the systemic fungicides Quadris 
and Ultra Flourish. Weeds, diseases, and other insects \Vere controlled using standard 
practices. Rainfall vvas supplemented ,vith sprinkler irrigation usmg the checkbook 
method of irrigation scheduling. 

Each cultivar \Vas subjected to ten N treatments ,vi th different N sources, rates, and 
application timing as described in Table 1 belmv. A complete factorial arrangement ,vas 
used wi.th cultivar and N treahnent as main effects. 

Preplant ESN fertilizer vvas applied 8 days before planting on April 16 and disked in. The 
30-lb NIA application at planting as :tvlA.P was banded 3 inches to each side and 2 inches 
belmv the seed piece using a belt type applicator. For all treatments, banded fertilizer at 
planting included 130 lb P2O5/A as monommonium phosphate or triple superphosphate 
(for the 0 N control), 180 lb K2O/A as potassium chloride and potassium magnesium 
sulfate, and 20 lb Jvig/A and 45 lb S/A as potassium magnesium sulfate. Emergence N 
applications ,vere supplied as urea and mechanically incorporated during hilling. Also at 



emergence, 950 lb/A gypsum ,vas applied and incorporated into the hill. Post-hilling N 
\Vas applied by hand as 50% granular urea-N and 50% ammonium nitrate-N, which was 
watered-in with overhead irrigation to simulate fetiigation ,vith a 28% UAN solution. 
Emergence fertilizer vms applied on May 15 and post-hilling N ,vas applied on June 15, 
June 25, July 6, and July 16. 

A VlatchDog weather station from Spectrum Technologies ,vas used to monitor rainfall, 
air temperature, and soil temperature at the fertilizer band depth. lvieasured amounts of 
ESN feiiilizer were placed in plastic mesh bags and buried at the depth of fertilizer 
placement lvhen both the preplant and emergence applications were made. Bags W'et·e 
removed on April 28, May 11, lvfay 22, June 3, June 16, July 1, July 22, Aug 12, Sept 23, 
and Oct 20 to track N release over time. Plant stands and stem number per plant ,vere 
measured on June 9. Petiole samples were collected from the 4th leaf fi.·om the terminal on 
three dates: June 24, July 7, and July 21. Petioles were analyzed for nitrate-N on a dry 
weight basis. 

Table 1. Nitrogen treatments tested on processing potato varieties. 
Treatment Preplant Planting Emergence Post-hilling** Total 

------------------------ N sources* and rates (lb N/A) ------------------------
1 0 0 0 0 0 
2 0 30 :tv1A.P 50 Urea I0UANx4 120 
3 0 301v1A .. P 70 Urea 20UANx4 180 
4 0 3011.AP 90 Urea 30UANx4 240 
5 0 301t1AP 50 Urea 40UANx4 240 
6 0 301\1AP 90 Urea 45UANx4 300 
7 150 ESN 30MAP 0 0 180 
8 210 ESN 3011.AP 0 0 240 
9 0 30 lVLA..P 150 ESN 0 180 
10 0 30MAP 210 ESN 0 240 

*ESN = Environmentally Smart Nitrogen (44-0-0), ~1IAP = monoammonium phosphate, 
urea= 46-0-0, UAN = a combination of granular urea and ammonium nitrate. 
* *Post-hilling N was applied 4 times at I 0-11 day intervals. 

Vines ,vere harvested on Sept 22 from hvo, 10-ft sections of ro,v, follmved by 
mechanically beating the vines over the entire plot area. Plots were machine harvested on 
Sept 30 and total tuber yield and graded yield ,vere measured. Sub-samples of vines and 
tubers were collected to determine moisture percentage and N concentrations, which ,vere 
then used to calculate N upt~e and distribution within the plant (Note: all the data for N 
uptake were not available at the time of this report and thei·efore will be presented at a 
later time). Tuber sub-samples ,vere also used to determine tuber specific gravity and the 
incidence ofhollmv heart and brovvn center. Stem and bud end sugar contents after frying 
,vere determined after harvest. Additional fiy tests ·will be made after six months of 
storage at about 45 F. 



RESULTS 

\Veather 

Rainfall and irrigation for the 2009 growing season are provided in Figure 1. From April 
21 to September 22, approximately 13 .4 inches of rainfall ,vas supplemented vvith 16.2 
inches of irrigation. There were no leaching events early in the season. Leaching events 
(greater than 1 inch of water) occuned at 53, 106, and 117 days after planting. Air 
temperature measurements and soil temperature and moisture measurements in the hill (4-
5 inches below the top of the hill) are provided in Figure 2. 

Nitrogen Release from ESN 

Figure 3 shmvs release ofN from ESN applied preplant and at emergence. Release ofN 
from ESN tended to be faster than that recorded in previous years. In 2007, 
approximately 90% of N vvas released by 70 days after planting for preplanted fertilizer 
and by 80 days after planting for ESN applied at emergence. In 2008, 80~-<> had been 
released by 40 days after planting for the preplant application and by about 50 days for the 
emergence application. In 2009, 80% had been released by 40 days after planting for the 
preplant application and by about 55 days for the emergence application. Differences in 
release rate are likely due to difference in abrasion of the coating as ,vell as temperature 
difference. Temperatures in 2009 were cooler than those in 2008. 

Tuber Yield, Stand Count, Stem Number, and Vine Dry Matter 

Nitrogen rate, source, and timing comparisons on yield 

Tables 2-5 show the effects of N application rate, source, and timing on tuber yield and 
size distribution as well as stand count, stem number and vine dry matter at harvest for the 
four processing varieties. For Russet Burbank (Table 2), marketable and total yields 
increased with increasing N rate ,vith optimum yield between 240 and 300 lb N/A 
depending on timing and source. As in 2008, nume1ically highest total, marketable and# 1 
yields ,vere with ESN applied preplant at the 240 lb NIA rate. Yields ,vith preplant ESN 
tended to be higher than those with emergence applied ESN, although these differences 
were not significant. ·within conventional N sources at the 240 lb N/A rate, N applied 
earlier (treatment 4) resulted in yields that ,vere statistically the same as N applied later in 
the season (treatment 5). At equivalent N rates, N source did not significantly affect yield. 
For Umatilla (Table 3), marketable and total yields increased ,vith increasing N rate vvith 
optimum yield behveen 240 to 300 lb N/A depending on timing and source. Numerically 
highest yields were with conventional N 300 lb N/A rate, while numerically highest total 
yields were ,vith ESN applied preplant at the 240 lb NIA rate. Yields with preplant ESN 
tended to be higher than those with emergence applied ESN. At the 240 lb NIA rate, yields 
with emergence applied ESN tended to be lovver than prelant applied ESN and 



conventional N applied at 300 lb N/A. \~lithin conventional N sources at the 240 lb N/A 
rate, N applied earlier (treatment 4) resulted in yields that ,vere statistically the same as N 
applied later in the season (treatment 5). At equivalent N rates, N source did not 
significantly affect yield. For Premier, (Table 4), marketable and total yields increased 
,vith increasing N rate ,vith optimum yield behveen 180 and 240 lb NIA depending on 
timing and source. Numerically highest total, marketable and #1 yields were ,vith ESN 
applied preplant at the 240 lb N/A rate. Yields ,vith preplant ESN were significantly 
higher than those Vilith emergence applied ESN at the 180 lb NIA rate, but no significant 
differences due to timing were observed at the 240 lb N/A rate ,vith ESN. \Vi thin 
conventional N sources at the 240 lb N/A rate, N applied earlier (treatment 4) resulted in 
yields that '\Vere statistically the same as N applied later in the season (treatment 5). At 
equivalent N rates, N source did not significantly affect marketable yield. For Bannock, 
(Table 5), marketable and total yields increased ,vith increasing Nrate with optimum yield 
betveen 180 to 240 lb N/ A depending on timing and source. Numerically highest total, 
marketable and #1 yields ,vere with ESN applied preplant at the 240 lb NIA rate. Yields 
with preplant ESN tended to be higher than those ,vith emergence applied ESN, although 
statistically there ,vere not differences among the ESN rates or timing tested. Within 
conventional N sources at the 240 lb N/A rate, N applied later (treatment 4) tended to 
result in numerically higher yields than N applied earlier in the season (treatment 5), 
although differences ,vere not statistically significant. At the equivalent N rates, N 
source/timing did not significantly affect yield; although ESN treatments resulted in 
smaller tuber size that conventional N treatments. Tubers greater than IO ounces 
increased with increasing N rate regardless of source/timing for all varieties. 

General varietal comparisons for yield 

Russet Burbank tended to be the highest yielding variety follo,ved by Bannock and 
Premier, and then Umatilla. Premier, Bannock, and Umatilla all had fevver misshaped 
potatoes than Russet Burbank ,vith Premier having the fevvest #2 potatoes. Tubers greater 
than 6 and 10 oz were highest for Premier followed by Bannock, Russet Burbank and then 
Umatilla. 

Nitrogen rate, sollrce, and timing comparisons for stand count, stem number and vine 
dry matter at Jzm·vest 

Stand count was generally not affected by N treatment, although for Premier, there was a 
slight reduction of3%> in stand in the control and 300 lb N/A rate compared with the other 
N treatments. Reasons for this reduction are not dear and probably not significant from a 
practical standpoint. In general, averaged over N treatments, stand was significantly lower 
for Bannock (~90~/o) compare.cl with the other three varieties (> 98%)). Sterns per plant 
vvere not significantly affected by N treatrnents. The highest stem number per plant was 
with Bannock (4.8) followed by Umatilla (3.5) and then Premier (3.0) and Russet Burbank 
(2.9). This result is surprising since "ff' seed, ,vhich usually results in higher stem 
number, ,vas used for Russet Burbank, ,vhile cut "A"' seed '\Vas used for the other varieties. 
Vine dry matter at harvest increased w·ith increasing N rate for all varieties regardless of 
source. For Umatilla, late season N at the 240 lb N/A rate resulted in loi.,ver vine yield 



than early season applied at the same rate. Overall, vines died back earlier for Umatilla 
than the other varieties resulting in lowest vine yields. It is not know ,vhy Umatilla vines 
died back early, but it was probably due to disease. Early vine dieback in Umatilla 
resulted in poor utilization oflate season applied N. 

Tuber Quality 

Nitrogen rate, source, and timing comparisons for tuber quality 

Tables 6 to 9 shmv the effects of N application rate, source, and timing on tuber hollow 
heart, specific gravity and frying quality for the four processing varieties. Surface scab 
incidence was not affected by N treatment for any of the varieties. For Russet Burbank 
(Table 6), incidence ofhollmv heart ranged from I to 12%> vvi.th inconsistent effects due to 
N treatment. The 180 lb NIA rate ,vith conventional N resulted in the highest incidence 
while ESN applied at emergence at 240 lb N/A and the conventional N applied at 300 lb 
N/A had the 10\vest incidence. Timing of conventional N at the 240 lb NIA rate did not 
affect hollow hear in this year. Specific gravity was not affected by treatment and 
generally in the optimum for all treatments. Stem end chip color \Vas not consistently 
affected by N treatments, but tended to be lighter ,vith early applied N. It ,vas darker for 
the control, ESN preplant 180 lb/A and late N 240 lb NIA rate treatments, while lightest 
for the conventional N at 180, early N at 240 lb NIA and ESN preplant at 240 lb NIA. 
Stem end AGT score \Vas lo,vest in the control and highest vvith conventional N applied at 
180 and 300 lb N/A. Stem end sucrose \Vas not affected by treatment. Stem end glucose 
,vas highest in the control and lowest ,vith preplant applied ESN at the240 lb N/A rate. In 
general, stem end glucose decreased ,vith increasing N rate and late season N tended 
increase stem end glucose. Bud end chip color, AGT score, sucrose and glucose were not 
affected affected by N treatment. For Umatilla (Table 7), incidence of hollo,v heart was 
quite lovv ranging from O to 4% with no efiect due to N treatment. Specific gravity 
decreased with increasing conventional N rate and vvas lmvest with late season N and N 
applied at the 300 lb N/A rate. ESN at the 240 lb N/A rate applied at emergence resulted 
in the highest specific gravity reading. Stem end chip color, AGT score, and glucose 
levels ,vere not affected by N treatment. Stem end sucrose decreased with increasing N 
rate and v;,ras lovver with preplant applied ESN than planting applied ESN. Bud end chip 
color, AGT score sucrose and glucose \Vere not affected by treatment. For Premier (Table 
8), incidence of hollmv hemi ranged from 3 to 16% and was not significantly affected by 
treatment. Specific gravity tended to decrease with increasing conventional N rate and 
was 10\vest \\rith late season N and N applied at the 300 lb N/A rate. At equivalentN rates, 
ESN resulted in higher specific gravity than conventional N. Frying quality ,vas also not 
affected by treatment. For Bannock (Table 9), incidence of hollmv heart ranged from 6 to 
ISC}o and was not affected by treatment. Specific gravity ranged from 1.075 to 1.082 and 
,vas not affected by N treatment.· Frying quality ,vas also not affected by N treatment. 



General varietal comparisons for t11her quality 

Averaged over N treatments, hollow heart incidence ,vas highest in Bannock, follmved by 
Premier, Russet Burbank, and then Umatilla. Surface scab incidence ,vas highest ,vith 
Umatilla, followed by Russet Burbank and then Bannock and Premier. Specific gravity 
was highest in Russet Burbank and Umatilla and followed by Premier and then Bannock. 
Stem and bud chip color was darkest for Russet Burbank and lo,vest for Premier. A.GT 
scores were highest for Premier and lowest for Russet Burbank. Stem end glucose 
concentrations were highest for Russet Burbank follmved by Bannock, and then Premier, 
and Umatilla. Stem end sucrose ,vas highest with Umatilla and Premier followed by 
Bannock and then Russet Burbank. Bud end glucose concentrations ,vere highest for 
Bannock and Russet Bmbank, follO\ved by Umatilla and then Premier. Bud end sucrose 
was highest with Premier and Russet Burbank followed by Umatilla. and Bannock. 

Petiole Nitrate-N Concentrations 

1Vitroge11 rate, source, and timing comparisons 

Petiole NOrN concentrations on three dates as aiTected by N rate, N source, and N timing 
are presented in Tables 10-13. As expected, petiole NO3-N generally increased with 
increasing N rate for all varieties and decreased as the season progressed. Petiole NO3-N 
levels with the 300 lb NIA rate applied tlu·ough the season were generally the highest of 
any treatment, especially later in the season. Late season applied conventional Nat the 
240 lb NIA rate had inconsistent effects on petiole NOrN. For Russet Burbank and 
Premier, petiole NO3-N was lmver at all sampling dates ,vith late applied N compared ,vith 
early applied N. For Umatilla and Bannock, this trend was the same for the first two 
sampling dates, but by the third sampling date petiole NO3-N ,vith late season N was 
higher than ,vith early season N, which is what vvould be expected. Reasons for the lower 
petiole NOrN concentrations for Russet Burbank and Premier with late season N are not 
known. 

At equivalent N rates, differences behveen urea and ESN treatments depended on the time 
of the season. For the first sampling date (June 24), petiole NO3-N concentrations ,vere 
similai- betvveen the nvo N sources for preplant applied ESN and early applied 
conventional N. Concentrations were 'higher vvith em-ly applied N than when ESN was 
applied at planting and when late season N ,vas applied. The similarity behveen ESN and 
split applied conventional N is consistent ,vith the release of N from the polymer, ,vhich 
appears to be faster than in earlier studies. By the second sampling date (July 7), plm1ting 
ESN treatments tended to result in petiole NOrN levels higher than conventional N 
especially at the 240 lb NIA rate. Preplant applied ESN resulted in petiole NO3-N levels 
that were either the same or slightly lmver thm1 conventional. By the last sampling date 
(July 21), petiole NO3-N levels ,vere lower ,vith ESN compared ,vith conventional N 
when applied at equivalent N rates. These lo,ver petiole NOrN levels with ESN later in 
the season·are again consistent ·vvith the faster release fom1 the polymer than in previous 
years. 



General varietal comparisons for petiole N03-N 

At the June 24 sampling date, petiole nitrate levels were higher for Umatilla and Premier 
and Bannock than for Russet Burbank. Difference became less distinct towards the July 7 
sampling date. However, Umatilla petiole N03-N levels were higher than those for the 
other cultivars. Based on yield responses to N, petiole nitrate levels should be higher for 
Umatilla during the gro,ving season than other varieties tested. 

CONCLUSIONS 

As in 2008, release of N from ESN vvas 20-30 days faster in 2009 than that recorded in 
previous years, suggesting that the there was more abrasion of the coated with the ESN 
source used the past t\vo years. In general, marketable and total yields of all varieties 
increased ,vith increasing N rate ,vith all varieties responding to conventional N up to the 
300 lb N/A rate, ,vith optimum yield benveen 240 to 300 lb NIA depending on timing and 
source. For conventional N at the 240 lb NIA rate more up front N resulted in higher 
yields than lat applied N for all varieties. This is in contrast to 2008 when Umatilla 
responded better to late season-applied N. The difference in 2009 \Vas that Umatilla vines 
died back early due to disease and ,vere not able to fully utilize the late applied N. At 
equivalent N rates, yields with ESN applied preplant were generally higher than those 
when ES N ,vas applied at emergence when conventional N ,vas split applied. 

Russet Burbank tended to be the highest yielding variety follmved by Bannock and 
Premier, and then Umatilla. Premier, Bannock, and Umatilla all had fevver misshaped 
potatoes than Russet Burbank \Vith Premier having the fewest #2 potatoes. Tubers greater 
than 6 and 10 oz ,vere highest for Pre111ier followed by Bannock, Russet Burbank mid then 
Umatilla. Surprisingly, hollow heart incidence ,vas highest in Bannock, followed by 
Premier, Russet Burbank, mid then Umatilla. Surface scab incidence was highest ,vith 
Umatilla, follo\ved by Russet Burbank and then Bannock mid Premier. Specific gravity 
was highest in Russet Burbank mid Umatilla and followed by Premier and then Bannock. 
Stem and Bud chip color was darkest for Russet Burbank and lmvest for Premier. 

Support for this project ·was provided in 2005 by the Environment and Natural Resources 
Trust Fund as recommended by the Legislative Commission on ilfirmesota Resources, 
Agrium Inc., and the Area II Potato Grmvers Association. 
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Figure L Rainfall and in-igation over the 2009 growing season. 
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Figure 2. Average daily air temperature and soil moisture and temperature at the 4-5 inch 
inch depth belo\v the top of the hill over the growing season. 
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Table 2. Effect ofN rate, source, and timing on Russet Burbank tuber yield and size distribution, stanr1 '"' 
dry matter at harvest. .. -

Nitrot en Treatments Tuber Yield 
N N N #1 #2 Total ,. .... 

Trtrnt Source Rate liming1 0-3oz 3-6oz 6-10 oz 10-14oz >14oz Total >3oz >3oz marketable 
# lbN/A PP,P,E,PH c'Nt/A 
1 control 30 0,30,0,0 69.6 264.2 165.1 35.0 15,7 549-6 270.4 209.6 480.0 
2 urea 120 0,30.50,40 69.4 234.3 173.9 68.5 46.7 592.8 321.4 202.0 523.4 
3 urea 1J30 0. J0.7QJ30 ... 72.9 210.4 188.7 .. 71 . .f.t. _ .. ~.4.0 627 .. 7 364.9 189.9 554.8 
4 urea 240 0.30.90, 120 59 .. 4 167..6 202..8 105.5 144.9 680.2 413.6 207.2 620 .. 8 
5 urea 240 0.30.50, 160 64.9 188.2 195.3 105.6 125.9 679.9 413.8 201.2 615.0 
6 urea 300 0,30, 90. 180 47.8 159.3 196.5 116.1 167.8 687.5 439.9 199.8 639.7 
7 ESN 180 150 30 0. 0 63.7 194.7 209.0 110.8 82.4 660.7 439.7 157.3 597.0 
8 ESN 240 210.30 0.0 54.2 170.1 206.7 120.3 149.6 700.9 461.5 185.2 646.7 
9 ESN 180 0 30 150 0 59.4 209.9 231.2 87.8 80.3 668.6 400.9 208.3 609.2 
10 ESN 240 0.30,210 0 61.7 210.2 231.1 104.1 86.3 693.4 414.7 217.0 631.7 

Significance2 " = :t:t :t:t :';:t "* :tx NS = 
LSD(0.10' 14.3 44.6 33.0 22.5 50.0 39.9 41.9 - 39.8 

! 1PP, P, E, PH = Preplant, Plantim, Emernence, and Post-Hilfinq, respectively; 4 post-hillillQ applications were asfoHows: 20%, 20%, 30%. 30%. .. 

!2NS = f\Jon-significan\ ++, ", ;\" = SignWicant at 10%, 5%, and 1. %, respectively. 

Table 3 .. Effect ofN rate, source, and timing on Umatilla Russet tuber yield and size distiibution, stand 1 

dry matter at harvest. 
Nitro~ en Treatments TuberYie)d 

N N N #1 #2 

Trtrnt Source Rate liming1 0-3 oz 3-6oz 6-10oz 10-14 oz >14oz Total >3oz >3oz 
I· 

# lbN/A PP,P,E, PH c'Nt/ A 
1 control 30 0, 30,0 0 72.9 212.3 114.0 8.3 0.0 407.4 329.6 5.0 
2 Urea 120 0 30 50.40 72..7 218 . .2 201 .. 1 17.2 6.5 515.7 434.5 8-5 
3 Urea 180 0 30, 70.80 70.7 238.3 226.0 48.5 14.5 598.0 497.7 29.5 
4 Urea 240 0. 30. 90, 120 62.0 197.8 244.6 68.5 31.4 604.3 498.6 43.7 
5 Urea 240 o. 30, 50, 160 66.2 211.3 223.3 57.3 25.9 584.1 470.4 47.5 
6 Urea 300 0, 30, 90, 180 58.5 211.2 225.3 68.8 58.0 621.8 494.9 68.4 
7 ESN 180 150 30 0 0 65 .. 7 202 .. 5 240 .. 8 72.6 37.4 619.0 510.1 43..2 
8 ESN 240 210 30 0 0 56.9 217.7 230.7 72.3 47.5 625.0 520.3 47.8 
9 ESN 180 0. 30. 150, 0 65.8 217.1 227.8 40.3 19.4 570.5 486.0 18.7 
10 ESN 240 0.30.210,0 55.2 195.4 238.9 67.7 26.9 584.0 470.9 57.9 

Sianificance2 NS ~~s :ti x>: :bt ;;;; tt "" 
LSD (0_10) -- -- 33.5 15.3 16.1 41.5 39.8 18.0 

'
1PP, P, E, PH = Preplant, Plantim, Emerqence, and Post-l-lillinq, respectively:. 4 post-hilling applications were as follows: 20%, 20%, 300/o, 30%. 

1
2NS = [·~on-significant; ++, ",**=Significant at 10%, 5%, and 1 %, respectively. 

Total 

markP' · •~ 

334.o 
443.0 
527.3 
542.3 
517.9 
563,3 
553.3 
568.1 
504.7 
528.9 

ti 

42.4 



Table 4. Effect ofN rate, source, and timing on Premier Russet tuber yield and size distribution, stand co 
dry matter at harvest. 

Nitr~ en Treabnen1s Tuber Yield 
N N N #1 #2 

·. 

Trtlnt Source- Rate liming1 0-3oz 3-6oz 6-10oz 10-14oz >14oz Total >3oz >3oz 
# lbN/A PP, P, E,PH cwt/A 

1 control 30 0.30 0,0 22.0 94.6 197.6 103.7 49-9 467.8 442.4 3.5 
2 Urea 120 0, 30 50 40 17.9 77.6 1752 133.5 126.8 530.9 501.8 11.3 
3 Urea 180 0 30, 70 80 18.6 66.7 159.9 113.3 196.5 554.9 529.0 7.4 
4 Urea 240 0,30,90,120 18.7 66.4 140.0 114.4 219.1 558.6 528.8 11.1 
5 Urea 240 0 30 50 160 15.1 73.4 158.6 124] 189.9 561.5 514.4 32.1 
6 Urea 300 0,30,90. 180 18.4 52.6 136.3 116.6 241.2 565.2 525.7 21.1 
7 ESN 180 150. 30. 0 0 22.7 79.8 164.1 127.5 174-3 568.3 528.7 17.0 
8 ESN 240 210 30 0, 0 19.0 63.8 165.5 123.3 216.7 588.3 537.5 31.8 
9 ESN 180 0, 30 150, 0 19.5 70.9 175.6 122.6 139.7 528.3 497.9 10.9 
10 ESN 240 0,30.210 0 17.4 57.9 153.8 142.2 198.0 569.3 524.3 27.6 

Significance2 NS *" NS NS "'"' '"" ,hi- *" 
LSQ(0,10) -- 14.1 -- -- 51.5 27.3 27.5 8.6 

1 PP,. P, E:, _PH.== preplart,Plc1ntim, E:n1emer1e:~,.:lrid Po$t~HiUi11g, rE=Spectiy~lY,4.Po$HliHing clpplica.tion$ 'NE;re_ as_follo\~: :ZQO/o, 2.9%, ~%, _30%. 
2f,JS =Jslor,~sigriificart;++, *, tt = Significant at 100/4, 5%, and 1 %, respectively. 

Total 

market.a 

445.8 
513.1 
536.4 
539.9 
546.5 
546.8 
545.7 
569.3 
508.8 
551.9 

"" 
28.1 

Table 5. Effect of N rate, source, and timing on Bannock Russet tuber yield and size distribution, stand ct 
d tt th t 1yma er a arves. 

Nitrogen Treatments TuberYield 
N N N #1 #2 , ...... 

Trbnt Source Rate Timing1 0-3 oz 3-6oz 6-10oz 10-14 oz >14oz Total >3oz >3oz 
# lbN/A PP, P, E, PH cwt/A 

1 control 30 0,30,0,0 42.8 154.6 188.4 629 18.7 467.3 413.2 11.3 
2 urea 120 0 30 50 40 30.9 131.7 206.8 118.7 59.7 547_9 498..2 18.8 
3 urea 180 0, 30 70 80 33.5 115.0 202.5 1392 95.9 585.9 524.4 28.1 
4 urea 240 0 30 90 120 29.4 94_5 200.8 136.9 119.8 581.4 517.1 34.9 
5 urea 240 0 30 50 160 27.0 99.6 198.2 143.6 130.0 598.4 517.5 53.9 
6 urea 300 0,30,90 180 28.3 95.0 189.0 130.1 156.7 599.1 530-6 40.2 
7 ESN 180 150,30 0,0 38.7 147.4 224.6 113.0 77.1 600.7 540.1 21.9 
8 ESN 240 210,30,0 0 27.7 124.9 191.1 128.9 135.4 608.0 548.3 32.1 
9 ESN 180 0 30,150 0 33.4 127.5 239-3 120.0 83.2 603.5 540 .. 3 29.8 
10 ESN 240 0 30 210 0 31.8 128.5 189.3 116.2 135.3 601.1 542.0 27.3 

Significance2 t-<JS * NS *" ** * * ** 
LSD (0.10) -- 34.0 - 21.8 28.9 74.7 64.4 18.2 

1PP, P, E:, f=>H::: pr~le11t,fl.:111ti119, f::r1~rq1::r1c:t:; and Post-Hillinq,r~sp~c:ti~ly;A P9§i::Jlilliriq ,3pplic:ati9r1?YA;;re as follows: 20%, 20%, JQo/o, '.,3QJ1o, 
2 ~,JS = Non-significant;++, ",*"=Significant at 10%, 5%, and 1%, respectively 

Total 
. .. 

market.ab! 

424.5 
517.0 
552.5 
552.0 
571.4 
570.8 
562..0 
580.3 
570.1 
569.3 

** 
64.5 



Table 6. Effect ofN rate, source, and timing 011 Russet Burbank tuber quality, frying quality, and sucrose 
Nitrogen Tre.itrnerits . Jµl,e. r- qu~lity 

•• 

.. 

N N N .... Hollow Spe.cific Frying Quality 

Trtmt Source Rate Timing1 Heart Scab Gravity STEM 
# lb N /A PP, P, E, PH % % Chip Color AGT Score Sucrose Glucose Chip Color 
1 control 30 0, 30, 0, 0 4.0 14.0 1.0827 3.0 48.8 1.122 4.499 2.5 
2 urea 120 0 30, 50. 40 9.0 12.0 1.0854 2.5 53.8 0.405 3.590 2.5 
3 urea 180 0 30. 70, 80 12.0 14.3 1.0849 2.0 56.0 0.395 3.142 2.8 
4 urea 240 0 30, 90, 120 2.0 14.0 1.0851 2.3 55.3 0.602 2.131 2.8 
5 urea 240 0 30. 50,160 4.0 16.0 1.0852 3.0 53.8 0.437 3.043 2.8 
6 urea 300 0 30,90, 180 1.0 18.5 1.0848 2.3 56.5 0.795 2.385 2.5 
7 ESN 180 150 30, 0 0 8.0 16.0 1.0860 3.0 52.5 0.441 2.930 3 
8 ESN 240 210 30,0 0 8.0 18.3 1.0879 2.3 54.8 0.692 1.520 2.5 
9 ESN 180 0,30, 150 0 3.0 7.0 1.0874 2.8 52-5 O.Fi70 3.255 2.8 
10 ESN 240 030.2100 1.0 14.0 1.0844 2.8 54.3 0.829 2.501 2.5 

S ignifican ce2 "' NS NS jl;jl; "'"' NS ++ NS 
LSD (0.10) 6.6 - - - - 0.5 3.4 - 1.857 -

·
1PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 4_ post-hilling applications were as follows: 20%, 20%, 30%, 30%. 
2 ~JS ==Non~significant; ++, r., "'r. = Sigr1ifjcant at 10%, 5%,. and_ 1%, respectively. 

Table 7. Effect ofN rate, source, and timing 011 Umatilla Russet tuber quality, frying quality, and sucrose 
Nitro~ en Treatments Tuber Quality 

N N N Hollow Specific Frying Quality 
I 

Trtmt Source Rate Timina 1 Heart Scab Gravitv STEM 
I··· 

# lb NIA PP,P,E,PH % % Chip Color AGT Score Sucrose Glucose Chip 
1 control 30 0,30,0 0 0.0 11.0 1.0867 2.0 56.5 1.145 0.933 
2 urea 120 o. 30, 50, 40 3.0 15.0 1.0868 2.3 54.5 1.251 0.691 
3 urea 180 0, 30, 70, 80 3.0 17.0 1.0841 2.0 58.0 1.066 0.890 
4 urea 240 0, 30 90, 120 3.0 30.0 1.0836 2.0 56.0 1.080 0.811 
5 urea 240 0, 30, 50. 160 3.0 13.0 1.0814 2.3 55.3 1.055 1.026 
6 urea 300 0.30.90, 180 4.0 22.0 1.0768 2.0 57.5 1.111 0.955 
7 ESN 180 150.30.0 0 1.0 22.3 1.0835 2.3 56.0 0.993 0.845 
8 ESN 240 210.30 0 0 0.0 24.0 1.0838 2.3 56.5 0.985 0.899 
9 ESN 180 0, 30, 150, 0 2.0 16.3 1.0885 2.0 58.3 1.717 1.276 
10 ESN 240 0 30,210 0 3.0 22.0 1.0911 2.0 57.5 1.471 1.026 

Si gnifica nce2 NS NS 'I; NS NS ~ NS 
LSD {0_10) -- -- 0.0078 -- -- 0.3987 --

11PPJ>, E, PH== Preplant, Planting, Emergence, and Post-Hi1Hn9, respectively; 4 post-hiUing appHcations were as follows·. ?0%, 20%, 30%, 30_%. 

l~t\1$ ::: t\l()r1::significc1nt: ++,. ""'. ~"' =;=, $ignific:c1 r1t ,1t 1{} o/o, 5.%, and_ 1 %i, r~sp~c:tively, 

2.5 
2.5 
2.3 
2.0 
2.5 
2.0 
2.5 
2.5 
2.3 
2.3 

NS 
--

,I 



Table 8. Effect ofN rate, source, and timing on Premier Russet tuber quality, frying quality, and sucrose 
Nitro~ en Treatments Tuber Quality 

N N N Hollow Specific Frying Quality 

Tront Source Rate liming1 Heart Scab Gravity STEM 
......... ......... 

# lb N /A PP, P, E, PH % % Chip Color AGT Score Sucrose Glucose Chip Colo 
1 control 30 0 30 0,0 10.0 11.0 1 .0829 1.8 60.8 1.239 1.085 2.0 
2 urea 120 0 30. 50 40 13.0 11.3 1.0852 2.3 59.3 0.886 1.259 2.0 
3 urea 180 0, 30, 70, 80 10.3 10.3 1.0838 2.0 60.3 1.045 0.788 2.0 
4 urea 240 0. 30. 90 120 3.0 13.0 1.0817 2.0 58.3 1.140 0.770 2.0 
5 urea 240 0 30,50 160 7.0 13.0 1.0793 2.0 59.3 1.029 0.835 2.0 
6 urea 300 0.30,90. 180 8.0 11.0 1.0800 2.0 60.5 1.160 0.842 2.0 
7 ESN 180 150.30 0 0 16.0 10.0 1.0859 2.0 58.0 1.235 1.011 2.3 
8 ESN 240 210.3000 4.3 7.8 1.0863 2.0 61.3 1.125 0.538 2.0 
9 ESN 180 0.30 150.0 4.0 10.0 1.0896 2.0 61.0 1.334 0.914 2.0 
10 ESN 240 0.30 210.0 8.0 8.0 1.0848 1.8 60.3 1.014 0.577 2.0 

Significance2 NS NS * NS NS NS NS NS 
LSO(OJm -- - 0.0052 - - - - -

1PP, P, E, PH:::: Pre plant, Planting, Emergence, and Post~Hilling, respectively; 4 post-hilling applications were as follows: 20%, 20%, 30%, 30%. 
2N$ == N()n~$iqriificant; ++, ", *~ == $ignificantatJQ%, ~%, and J %, rnspectiyelv. 

Table 9. Effect ofN rate, somce, and timing on Bannock Russet tuber quality, frying quality, and sucrose 
Nitroc en Treatments Tuber Quality 

N N N Hollow Specific FrvinaQuality 

Trtmt Source Rate Timing 1 Heart Scab Gravitv STEM 
,...... . ... 

# lbN/A PP, P, E, PH % % Chip Color AGT Score Sucrose Glucose Chip Colt 
1 control 30 0.30 0,0 15.0 12.0 1.0778 2.8 54.0 0.806 2.171 2.0 
2 urea 120 0.30 50.40 9.0 rn 1.0816 2.8 53.0 0.597 1 .911 2.5 
3 urea 180 0,30 70,80 8.0 13.0 1.0808 2.8 53.3 0.676 2.503 2.0 
4 urea 240 0.30.90 120 9.0 12.0 1.0802 2.3 55.0 1.017 2.174 2.3 
5 urea 240 0 30 50,H>D 11.0 11.0 1.0801 2.3 55.3 0.840 1.690 2.5 
6 urea 300 0 30 90 180 6.0 3.0 1.0788 2.3 55.0 0.756 1.928 2-5 
7 ESN 180 150.30 0.0 15.0 18.0 1.0819 2.5 53.8 0.959 2.024 2.5 
8 ESN 240 210 30 0.0 14.3 9.3 1.0752 2.3 56.0 0.826 1.906 2.3 
9 ESN 180 0,30, 150 0 6.0 10.0 1.0822 2.8 53.8 0.870 1.430 2.0 
10 ESN 240 0,30 210, 0 10.0 14.0 1.0775 2.8 53.5 0.790 1.502 2.3 

Sig niflca nce2 NS NS NS NS NS NS NS NS 
LSD (0.10) - - - - - - - -

1 PP,P,J::, PH== pr~plaDtPl11r,ting, E:ni§rgenc:e, c111d post:-Hi!Hng, r~pectiyely; APC1Sf:hi!Hng 11ppficati9ris w~re ??J9llmys:. ~%, 29%, ~0%, 30%. 
2NS= Non-significant; ++, O", *"' = Sigriificant atJ9%, 5%, and 1%, respectivety. 



Tabl 10 Ef£ t f N e ec o rate, source, an df . 1mmg on usse ur an pe 10 e m a e- ev R t B b k t. I . tr t N I els. 

Nitro~ en Treatments 
N N N NO3-N,ppm .. .. 

Trtmt Source Rate Timing1 

# lb N / A PP,P,E,PH June 24 July 7 July 21 
1 control 30 0,30,0,0 6939 512 192 
2 urea 120 0,30,50,40 13433 5710 2224 
3 urea 180. 0,30,70,80 16598 9488 8740 
4 urea 240 0,30,90,120 18429 13467 13690 
5 urea 240 0.30,50, 160 16130 10511 11498 
6 urea 300 o,;,Q,90,180 17618 14558 14035 
7 ESN 180 150,30,0,0 16147 10866 4865 
8 ESN 240 210,30,0,0 17319 13425 8819 
9 ESN 180 0. 30,150.0 16028 11623 6003 
10 ESN 240 0.30,210,0 15755 13488 9844 

Significa nce2 
** ** ** 

LSD (0.10) 1468 1676 1863 
1 PP, P, E, PH= Preplant, Planting, Emergence, and Post-Hilling, respectively; 

l4p9st-l1illing applications were as foHows: 20%, 20%,]Q°!o, 30°/4: 
2NS == "-ion-significant;++, *, ** = §ignificant at 1 0o/o, ~%. and 1 %, r~spectively. 

Table 1 L Effect ofN rate~ source, and timing on Umatilla Russet petiole nitrate-N levels. 

Nitro~ en Treatments 
N N N NO3-N, ppm 

. . .·· 

Trtmt Source Rate Timing1 

# lb N / A PP,P,E,PH June 24 July 7 July 21 
1 control 30 0,30,0,0 8159 1478 510 
2 urea 120 0,30,50,40 14060 7638 3041 
3 urea 180 0,30,70,80 18391 11933 8276 
4 urea ...... ... 240 .... QL;3Q, ~Q,J2.Q 195.71 ....... 16143 . ..... 11§9.Z ... 

.!:L .. '--'r~.~······· 240 o. ~o. 5Q,J90 18280 .1~742 12021 
6 urea 300 0,30,90, 180 20757 17278 13350 
7 ESN 180 150,30,0,0 19686 10393 5949 
8 ESN 240 210,30,0,0 21088 16371 11241 
9 ESN 180 0,30,150,0 17963 13680 6568 
10 ESN 240 0,30,210,0 19555 17101 11687 

SJgnifica nce2 ** ** ** 
LSD (0.10) 1821 2119 2229 

,
1_pp, P, E:, PH==Pr.~pl§~!,_.Pl§~Jir1g, E:f'r"lerg~~~-~,and Post-Hilling,_r~?P~ctiy~ly; .. 

4 post--hjlling applications were asfqllows: 20%,20o/o, 30%, 30%. 

?NS= Non-significant;++, *,**=Significant at 10%, 5%, and 1 %, respectively. 



Tabl 1° Ef£ t f N t e ,,__ ec o ra e, source, an df . mung on em1er usse p 10 e mtrate- ev Pr. R tefl N 1 els. 

Nitro~ en Treatments 
N N N NOrN,ppm 

Trtmt Source Rate Timing 1 

# lbN / A PP,P,E,PH June 24 July7 July 21 
1 control 30 0,30,0,0 8373 678 320 
2 urea 120 0130,50,40 16267 6640 3052 
3 urea 180 0,30,70,80 18834 10370 8233 
4 urea 240 0,30,90,120 20492 13747 11409 
5 urea 240 0,30,50, 160 17723 12400 9589 
6 urea 300 0,30,90,J80 22119 16050 13994 
7 ESN 180 150,30,0,0 16844 6878 3202 
8 ESN 240 210,30,0,0 20657 14091 8513 
9 ESN 180 0,30,150,0 17628 12305 5363 
10 ESN 240 0,30,210,0 19098 15100 10236 

Signiflcance2 ** ** ** 
LSD (0.10) 2371 2102 1771 

1PP, P, E, PH= Preplant, Planting, Emergence, and Post-HiUing, respectively; 

4 pqst-hjlling applications were as follow~:20%,2Qo/o, 30%, 30%. 
2NS = Non-significant; ++, \ ** = Significant at 10%, 50fo, c3t1d 1 %,respectively. 

Table 13. Effect ofN rate, source, and timing on Bannock Russet petiole nitrate-N levels. 

Nitrogen Treatments 
N N N NOrN,ppm 

, ..... ········· ... 

Trtmt Source Rate Timing1 

# lbN / A PP,P,E,PH June 24 July7 July 21 
1 control 30 0,30,0,0 7773 3189 377 
2 urea 120 0,30,50,40 14305 6546 4212 
3 urea 180 0,30,70,80 18794 9227 8985 
4 urea 240 0,30,90, 120 20850 14480 11714 
5 urea 240 0130,50,160 18004 11397 12935 
6 urea 300 0,30,90, 180 21177 15971 13994 
7 ESN 180 150,30,0,0 16803 7823 4283 
8 ESN 240 210,30,Q,O 21220 14419 9673 
9 ESN 180 0,30, 150,0 19017 12001 7474 
10 ESN 240 0,30,210,0 19289 15074 10491 

Signiflcance2 ** ** ** 
LSD (0.10) 1397 2463 1577 

.. 1 PP, P, E:,PH ==Pr~plc1r,t Planting, Emerg~n~~' c1nd Post-HIiiing, re.?Pe.~Jiyely: 
4 post:-hining applications were as follows: 20o/o, ~Qo/o, 30o/o, 3Q%. 
2NS =Non-significant;++, * 1 **=Significant at 10%, 5%, and 1%, respectively. 




