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ABSTRACT A runoff event shortly after a P application can dramati-
cally increase P concentrations in runoff (Sharpley,Clear Lake is on Iowa’s list of impaired water bodies because of
1997; Gascho et al., 1998; Sauer et al., 2000) particularlyhigh P concentration. This study assessed soil-test phosphorus (STP),
when the P is broadcast without incorporation (Sharp-management practices, and P loads from its agricultural watershed.

Management practice histories and STP for eight basins were surveyed ley, 1985; Eghball and Gilley, 1999). Because P can be
in 1999. Soil samples (15-cm depth) were analyzed for STP with strongly sorbed to soil, P associated with eroded soil
agronomic [Bray P1 (BP), Olsen (OP), Mehlich 3 (M3P)] and environ- particles usually is the primary form of P entering sur-
mental [iron oxide–impregnated paper (FeP) and water extraction face water bodies (Vaithiyanathan and Correll, 1992).
(WP)] tests. Total phosphorus (TP) concentrations in water discharge Conservation tillage, such as ridge-till and no-till, has
from five basins were measured during two years, and TP loads were been shown as a way to reduce soil erosion and sedimentmeasured for two basins. The agronomic P tests showed that 46 to

P loads from agricultural fields (Johnson et al., 1979;83% (depending on the test) of the area tested above optimum for
Ginting et al., 1998; Zhao et al., 2001). Installation ofcrops. Correlations among tests were high for OP, M3P, and FeP
artificial subsurface drainage in many agricultural fields(r � 0.96) and lower for BP and WP (r � 0.88–0.93). Moldboard-
has provided an additional pathway for P transport offand chisel-plow tillage predominated (82% of the area). Applied P

(mainly fertilizer) averaged 15 kg P ha�1 yr�1, and 40% of the high- fields, although increased subsurface drainage can re-
testing area (M3P test) was being fertilized. The mean annual water duce the volume of surface runoff and therefore P trans-
TP concentration across five basins was 275 to 474 �g L�1. The two- port in overland flow. Transport of P in subsurface
year mean TP loads for the two gauged basins were 1504 and 1510 g drainage often is considered negligible because of the
P ha�1 yr�1. Water TP concentration increased linearly with increasing reactive nature of P in soil, but research has shown that
STP. Relationships were stronger for M3P and FeP (R2 � 0.96–0.97 significant P loads from subsurface drainage can occurfor annual means and 0.77–0.79 for storm-flow events) than for BP

in some situations (Sims et al., 1998).or WP (R2 � 0.88–0.91 and 0.59–0.69, respectively). Improving P and
Soil-test P levels in many areas of the country aresoil conservation practices in high-testing areas could reduce P loads

now above levels required to optimize crop growth (Pot-to the lake.
ash and Phosphate Institute, 2001) due to excess P fertil-
ization. High STP increases the risk of limnologically
significant P concentrations reaching surface waters andNonpoint-source P loss from agricultural fields has
accelerating eutrophication (Sharpley, 1995; Pote et al.,the potential to accelerate eutrophication of fresh-
1996, 1999). The purpose of agronomic P testing is towater ecosystems. In the most recent report of water
estimate the amount of soil P available for crop produc-quality in the United States, the USEPA cited agricul-
tion, and several tests are used. Most agronomic soil Pture as the primary source of pollution in 60% of im-
tests, such as the BP, OP, and M3P tests, are based on apaired river miles, 30% of the impaired lake acres and
strong chemical extraction of poorly defined P fractions15% of estuarine square miles (USEPA, 1998). Phos-
seemingly relevant for plant uptake. Increasing concernsphorus, in particular, has received much attention due
about nonpoint-source P pollution from agriculture hasto its role as the limiting nutrient in many freshwater
prompted questions about the suitability of agronomicecosystems (Sawyer, 1947; Schindler, 1977; Correll,
soil tests for environmental purposes. Several soil ex-1998). In Iowa, many water bodies have significant water
traction procedures have been proposed as environmen-quality impairment because of increased P concentra-
tal soil P tests because they may provide better estimatestion and agriculture is often considered the primary P
of dissolved P delivery to water resources (Sharpley,source (Iowa Department of Natural Resources, 2000).
1991; Pote et al., 1996; Sharpley et al., 1996; Sims et al.,The development of P indexes across the country
2000). The FeP test developed by Menon et al. (1989)demonstrates the recognition that P loss from agricul-
has been slightly modified (Sharpley, 1991, 1993; Char-tural fields is dependent on many factors that include
don et al., 1996; Chardon, 2000) and uses a sink approachsource factors such as STP and P application, as well as
to extract soil-bound P that most likely is available totransport factors such as site hydrology and erosion
aquatic organisms. Another environmental P test is(Lemunyon and Gilbert, 1993; Mallarino et al., 2002).
based on weaker desorption reactions and uses deion-
ized water to extract soil P (van Der Paauw, 1971; Pote
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but are more time consuming for use on a routine basis Soil Sampling and Testing
and their use may result in increasing soil testing costs. Soil samples were collected from fields of the agricultural

While much work has been done to study P loss from area of the Clear Lake watershed in November 1999. Samples
soil using field plots under natural and simulated rain- were collected using a stratified sampling approach in which
fall, less work had been done on a watershed scale due predominant soil map units of each field were sampled. In a

first step, ArcView GIS computer software (Environmentalto difficulties in working with such large areas and many
Systems Research Institute, 2003) was used to produce severallandowners. Research has shown that P losses from ag-
layers of information and to identify soil sampling areas aboutricultural watersheds often occur unevenly across fields
0.1 ha in size within the predominant soil series of each field.with some areas contributing disproportionately larger
The layers used included digitized and georeferenced soil sur-amounts of P and that losses often are unevenly distrib-
vey maps (1:12 000 scale), field borders, surface drainage pat-uted throughout the year (Longabucco and Rafferty, terns, and black and white satellite photographs (1:40 000

1989; Gangbazo et al., 1997; Pionke et al., 1999). Storm- scale). In a second step, we verified (and modified when neces-
flow losses of P in many cases dominate P export in sary) the location of the sampling points through use of hand-
agricultural watersheds (Johnson et al., 1976; Pionke et held differential global positioning systems (DGPS) receivers
al., 1996, 1999; Jordan et al., 1997c). Particular attention and field observations. One composite soil sample (15–20

cores) was collected from the surface-15-cm layer of soil fromshould be given to management practices in watershed
each sampling area. Figure 1 shows the sample point locations.or field areas for which P source and transport factors
Approximately 20% of the area could not be sampled becausesuggest a high risk for P loss (Gburek and Sharpley,
landowners denied access to their fields.1998; Gburek et al., 2000; Heathwaite et al., 2000).

Soil samples were dried, ground to pass a 2-mm screen, andThe relationship between STP measured by various
analyzed in duplicate for STP with three agronomic and twotests and actual P delivered to surface water resources environmental tests, as well as for ammonium acetate–

has not been studied in Iowa, although there is evidence extractable K, Ca, and Mg, soil pH, and organic matter. The
that both STP of fields and P concentrations in streams three agronomic P tests were BP, OP, and M3P, which are
and lakes are increasing. For example, the P concentra- supported as the basis for making P fertilizer recommenda-
tion in Clear Lake has tripled since 1970 increasing from tions in Iowa (Sawyer et al., 2002). The BP and M3P tests are

the most commonly used in Iowa and the U.S. Corn Belt.60 to 190 �g L�1 by 2000 (Downing et al., 2001a). The
Procedures followed for the agronomic tests were those rec-objectives of this study were to (i) survey surface STP
ommended in Brown (1998) for the north-central region ofand management practices in the agricultural area of
the USA. The two environmental tests used were the FeP testthe Clear Lake watershed and (ii) relate STP measured
as described by Chardon (2000) and the WP as describedwith agronomic and environmental soil tests with P in
by Pote et al. (1996). The P extracted by all agronomic andwater discharged to the lake. This information should environmental P tests was measured colorimetrically with the

help in understanding the role of P levels and manage- Murphy and Riley (1962) method.
ment practices on the amount of P delivered to lakes and Soil P data from the agricultural area were summarized
in determining alternatives for improving water quality. into eight basins delineated according to drainage patterns.

An inverse-distance weighted interpolation method was used
to obtain interpolated STP maps for all soil tests. Iowa StateMATERIALS AND METHODS University agronomic soil-test interpretation classes for corn
(Zea mays L.) and soybean [Glycine max L. (Merr.)] wereStudy Area
used to classify STP (Sawyer et al., 2002). Classes for the BP

Clear Lake is a natural glacial lake in northern Iowa with and M3P tests for all soil series of the Clear Lake area are
a surface area of 1450 ha, an average depth of 2.9 m, and a very low (0–8 mg kg�1), low (9–15 mg kg�1), optimum
relatively small watershed with a 2.3:1 land to lake ratio. The (16–20 mg kg�1), high (21–30 mg kg�1), and very high (�30 mg
agricultural area comprises the major portion of the watershed kg�1). Classes for the OP test are very low (0–5 mg kg�1), low
(59%). Two small urban areas (14%) and areas of woodland, (6–10 mg kg�1), optimum (11–14 mg kg�1), high (15–20 mg
nonagricultural grassland, and wetlands (27%) comprised the kg�1), and very high (�21 mg kg�1).
rest of the watershed. Drainage from much of the agricultural
area flows through a marsh (Ventura Marsh) on the west side

Management Practices Surveyof the lake (Fig. 1). Downing et al. (2001a) reported that
previous sustained P loading had converted this marsh into a A questionnaire was delivered to all landowners or opera-
source of P to the lake. The majority of the soils formed on tors from whose fields soil samples were collected to obtain
glacial till material and included some of the most productive information of relevant past agricultural practices used in their
soils of Iowa. Soils of the Clarion–Nicollet–Webster associa- fields. The questionnaire requested information about crop
tion (Typic Hapludoll, Aquic Hapludoll, and Typic Endoa- rotation, tillage system, application rates and type of P fertil-
quoll, respectively) dominate, and the surface layers (15–20 cm izer, and manure usage during the last five years. Because
deep) have loam or silty-clay-loam textures. Approximately several landowners were not willing to share information from
80% of the watershed is relatively flat with slopes of �5%, their fields or chose not to return the questionnaires, informa-
although small areas have slopes up to 14 to 18%. Areas with tion was available for approximately 66% of the area.
�2% slope are artificially drained with subsurface tiles and
surface inlets. These areas include small areas of high-pH, Water Quality MonitoringCaCO3–affected soils such as Canisteo (fine-loamy, mixed,
superactive, calcareous, mesic Typic Endoaquoll) and Harps Grab samples of water discharge to the lake from tributaries

draining five agricultural basins of the watershed were col-(fine-loamy, mixed, superactive, mesic Typic Calciaquoll), and
also Okoboji soil (fine, smectitic, mesic Cumulic Vertic Endoa- lected regularly during two years (August 1998–July 2000) at

15-d intervals from April to September and 30-d intervalsquoll) with higher organic matter than the other series.
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Fig. 1. Soil sample points, water sample sites, and basin identification for the Clear Lake agricultural watershed survey study.

from October to March. These monitored basins are referred TP concentration of all samples collected within each month,
to as Basins 1 to 5 in Fig. 1. Additionally, trained volunteers and were expressed as g P ha�1 yr�1. Basin areas were deter-
collected samples from the same locations during or within mined by delineating watershed boundaries on U.S. Geologi-
24 h of storm events. Water samples were collected on 57 cal Survey topographic maps using ArcView GIS.
occasions over the two-year period, with 42 samples collected Regression analysis was used to relate STP estimates by
during baseflow periods and 15 samples collected during storm each soil P test and water TP concentrations across the five
events. Total P in unfiltered samples was determined by digest- basins for which TP concentration was measured. Regression
ing the samples using the persulfate method (American Public analyses were conducted separately for two sets of water TP
Health Association, 1998; Standard Method 4500-P B.5) and data. One data set included mean water TP across the second
measuring P using a molybdate–ascorbic acid colorimetric year of the evaluation period (August 1999–July 2000), which
method (American Public Health Association, 1998; Standard encompassed the soil sampling date (November 1999). The
Method 4500-P E) on a Hewlett-Packard Model 8453 UV-Vis other data set included mean water TP across samples col-
diode array spectrophotometer (Agilent Technologies, Palo lected during 15 storm events.
Alto, CA). The sampled tributaries collected surface runoff
and water drainage from subsurface tile lines, which also trans-
ported water collected at surface intake drains. Thus, we were RESULTS AND DISCUSSION
unable to determine the proportion of P derived from surface

Soil-Test Phosphorus Assessment by Agronomicrunoff or subsurface drainage.
and Environmental Soil TestsWater discharge to the lake from Basins 2 and 3 was continu-

ously monitored with a Model 4250 flow meter (ISCO, Lin-
Descriptive statistics for mean soil-test values fromcoln, NE). This flow meter employs an area–velocity probe

each field sampled are shown in Table 1. Values of K,deployed in a rectangular concrete channel at the point where
Ca, Mg, pH, and organic matter are typical for soils ofsurface water flows through a culvert. Monthly P loads were

estimated as the product of water discharge and the average the area. The amount of soil P extracted varied greatly
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Table 1. Descriptive statistics of soil-test values for fields of the Clear Lake agricultural watershed.†

Soil tests‡

Statistics BP OP M3P FeP WP K Ca Mg pH OM

mg kg�1 g kg�1

Mean 34 17 42 26 8 173 3290 384 6.6 57
Median 28 14 34 22 6 173 2818 368 6.6 49
Minimum 1 2 6 6 2 71 656 131 5.0 14
Maximum 222 34 296 129 56 502 8016 847 8.1 228
SD§ 30 22 35 17 7 64 1475 117 0.7 30

† Data calculated from means of each field and for a 0- to 15-cm soil depth.
‡ BP, Bray-P1 phosphorus; FeP, phosphorus determined with iron oxide–impregnated paper; M3P, Mehlich-3 phosphorus; OM, organic matter; OP, Olsen

phosphorus; WP, water-extractable phosphorus.
§ Standard deviation.

between soil tests and across the watershed. The M3P different estimates of P availability for crops, and with-
out local field assessments of crop response no reason-test extracted the largest amount of P among the agro-

nomic tests and the OP test extracted the lowest amount. able speculation is possible about which test provided
the best estimate. No P fertilization is recommendedThe FeP environmental P test extracted an amount of

P intermediate between the BP and OP agronomic tests, for corn and soybean in Iowa fields testing high or very
high, except for a small starter fertilizer rate for cornwhile the WP test extracted the smallest amount. These

differences in amount of P extracted by the P tests are in some conditions (Sawyer et al., 2002). Soil test sum-
maries of samples submitted by producers from the twowell known and were shown before for manured and

not manured Iowa fields with soils similar to the soils counties surrounding Clear Lake (Cerro Gordo and
Hancock) to the Iowa State University Soil and Plantin this watershed (Atia and Mallarino, 2002). The M3P

test usually extracts similar or only slightly higher Analysis Laboratory show that BP values (data for other
tests were not available) increased markedly during theamounts of P than the BP test in Iowa soils with near

neutral or acid pH and more than the BP test in high- last four decades. Samples testing high or very high were
16% of the samples submitted in the 1960s but increasedpH, CaCO3–affected soils (Mallarino, 1997; Atia and

Mallarino, 2002). Correlations between P tests (Table 2) to 58% by 1990s (Voss, 1968; Killorn et al., 1990). Al-
though the data from our survey and county summarieswere very high for the M3P, OP, and FeP tests (r �

0.96–0.97). Correlation coefficients involving the BP test cannot be directly compared, our results suggest that the
percentage of high-testing soils in the area has increasedwere lower and ranged from 0.88 to 0.92. The correlation

coefficients involving the WP test were higher with the further because 70% of the fields tested high or very
high in STP according to the BP test.M3P or FeP tests (0.95 and 0.96) than with the BP or

OP tests (0.91 and 0.93). The BP test probably correlated Mean STP values (area weighted) for eight basins are
shown in Table 4. The three agronomic P tests classifiedpoorly with other tests because of the presence of some

CaCO3–affected soils. Correlation coefficients involving the mean STP of most basins as above optimum levels
for crops. The BP and M3P tests classified all basinsthe BP test improved when only soils with pH of �7.2

were included in the analyses. Overall, the correlations into the high or very high classes. Only the OP test
classified two basins into the optimum class. Moreover,were very high considering the large variability in or-

ganic matter, pH, and other soil properties across the basins testing very high were two for the OP test, six
for the BP test, and eight (all basins) for the M3P test.watershed.

Table 3 shows the distribution of field-mean STP val- These results further suggest that there has been uneven
and often excessive P fertilization across the watershed.ues into agronomic interpretation classes used in Iowa

(Sawyer et al., 2002). The percentage of fields testing
in the high or very high classes was 46% for OP, 70% Field Management Practices
for BP, and 83% for the M3P. These differences are The field history information provided by the produc-
not surprising because agronomic P tests often provide ers is summarized in Table 5 for the total area surveyed

(across eight basins) and four basins for which waterTable 2. Correlation coefficients between amounts of P extracted
by five soil tests from fields of the Clear Lake watershed.

Table 3. Distribution of soil-test phosphorus (STP) for fields of
Correlation coefficient the Clear Lake agricultural watershed within five Iowa STP

interpretation classes for crop production.Soil test Olsen Bray P1 Mehlich 3 Iron oxide
Percent of fields surveyedAll soils

Bray P1 0.89 STP method
Mehlich 3 0.96 0.92

STP class Bray P1 Olsen Mehlich 3Iron oxide 0.96 0.88 0.97
Water 0.93 0.91 0.95 0.96 %

Soils with pH of �7.2 Very low 10 10 4
Low 14 21 8Bray P1 0.97

Mehlich 3 0.97 0.99 Optimum 6 23 6
High 26 16 27Iron oxide 0.96 0.96 0.97

Water 0.93 0.95 0.95 0.97 Very high 44 30 56
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Table 4. Mean soil-test phosphorus (STP) values (area weighted) and agronomic soil-test interpretation classes for eight agricultural
basins of the Clear Lake watershed.

Soil P test† STP class‡

Basin Area BP OP M3P FeP WP BP OP M3P

ha mg kg�1

1 535 32 16 40 24 7 VH H VH
2 216 46 25 54 31 10 VH VH VH
3 320 22 12 34 21 7 H O VH
4 289 28 14 34 21 6 H O VH
5 74 45 20 46 28 9 VH VH VH
6 419 35 19 41 25 8 VH H VH
7 202 32 17 37 24 7 VH H VH
8 109 40 17 41 27 9 VH H VH

† BP, Bray-P1 phosphorus; FeP, phosphorus determined with iron oxide–impregnated paper; M3P, Mehlich-3 phosphorus; OP, Olsen phosphorus; WP,
water-extractable phosphorus.

‡ H, high; O, optimum; and VH, very high for corn and soybean crops according to Iowa State University (Sawyer et al., 2002).

discharge to the lake was monitored (very little informa- solid, liquid, or organic P sources (47% of the area) was
to incorporate them into the soil in the fall (in Octobertion was received for Basin 5 and data are not shown).

Row-crop production dominated the agricultural area, or November) by plowing, disking, or injecting. The
next two most frequent application methods wereand 87% was managed with a corn–soybean rotation.

A small area was managed with continuous corn (5%), broadcasting in the fall without incorporation (25%)
and injection or incorporation of the fertilizer into theand 8% was under hay or pasture. The most common

tillage practice (58% of the area) was chisel plowing in soil before planting crops in spring (15%). The benefits
of incorporating fertilizer after application is partly de-combination with disking for corn residues and only

disking for soybean residues. The remaining area was pendent on the erosion risk for the particular area be-
cause increased soil loss due to tillage may partly offsetmanaged with moldboard plowing (24%), ridge tillage

(11%), no tillage (2%), and subsoiling in addition to the effect of incorporation in reducing loss of fertilizer
P. Applying P in the fall is preferred by producers be-no-till or chisel or disk tillage (5%). Most producers

tilled soils in the fall, which reduces residue cover and cause they have more time available and because the
Iowa fall season typically is drier than the spring season.may increase the risk of soil erosion when crop canopies

are not developed. Basin 1 had a significant area man- On average, P fertilizers were applied 2.2 times during
the last five years at a rate of 32 kg P ha�1. Only 10%aged with conservation tillage (30% of its surveyed area

was under ridge-tillage). The use of ridge-tillage and of the land received organic P sources (mainly swine
manure) at least once during the previous five years,no-tillage can reduce P loads mainly by reducing erosion

(Johnson et al., 1979; Gaynor and Findlay, 1995; Zhao and responses provided insufficient data to determine
application rates. However, the STP data showed similaret al., 2001). Thus, our survey data suggest that there is

opportunity for further adoption of conservation tillage STP values for manured fields and nonmanured fields
(within 3–6 mg P kg�1 depending on the agronomic testsystems that could potentially decrease P loads to the

lake. used), which suggests that on average (and over time)
similar P rates were applied with manure or fertilizer.The most frequently used application method for

Table 5. Summary of selected management practices for the fields of the Clear Lake agricultural watershed.

Area

Water monitored basins†

All basinsManagement practice 1 2 3 4

ha %
Primary tillage

Chisel or disk 591 58 41 63 84 11
Moldboard plow 248 24 18 10 16 78
No-till 25 2 0 27 0 0
Ridge-till 112 11 30 0 0 11
Subsoiling‡ 48 5 11 0 0 0

Cropping System
Alfalfa, legume–grass pasture 89 8 0 7 21 0
Continuous corn 54 5 0 0 0 0
Corn–soybean rotation 969 87 100 93 79 100

Time and method of P application
Fall, injected and/or incorporated 457 47 61 33 24 17
Spring, injected and/or incorporated 142 15 20 0 0 4
Fall, surface applied 241 25 9 22 76 0
Spring, surface applied 134 13 10 45 0 79

P source
Fertilizer 1002 90 79 100 100 100
Manure 110 10 21 0 0 0

† Very little and incomplete information was received for Basin 5 and data are not shown.
‡ In addition to no-till or chisel or disk tillage.
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Table 6. Precipitation, total P concentration, and total P loading from the Clear Lake agricultural watershed during a two-year evalua-
tion period.

P concentration for five basins P loads for two basins†

Month Precipitation 1 2 3 4 5 2 3

mm �g L�1 g ha�1

1998
August 140 372 606 314 332 338 478 348
September 46 691 242 330 209 671 62 161
October 88 185 127 100 150 124 63 60
November 28 150 135 90 130 150 21 17
December 10 237 179 213 205 190 17 19

1999
January 36 198 –‡ – – – 64 60
February 41 817 550 502 441 – 209 248
March 32 595 311 343 337 – 93 81
April 208 186 201 176 158 – 231 158
May 192 388 259 396 365 273 244 334
June 131 411 499 219 351 245 362 373
July 283 319 894 343 388 398 418 198
M/T§ 1235 379 364 275 279 299 2262 2057
August 55 160 545 173 265 290 41 19
September 55 158 1088 230 196 245 18 6
October 28 145 138 144 219 866 1 6
November 19 780 393 377 481 423 2 3
December 19 256 148 59 85 466 26 41

2000
January 27 214 142 – – – 36 62
February 41 1158 980 1263 672 654 377 536
March 31 121 – 150 84 98 20 22
April 43 365 332 386 383 413 34 48
May 121 138 179 184 153 421 52 120
June 132 367 479 283 842 382 80 28
July 143 206 785 238 251 301 72 60
M/T 714 339 474 317 330 414 759 951
Storm flow¶ 823 911 655 573 787

† Water discharge was continuously monitored only for Basins 2 and 3.
‡ No sample was collected. Loads for Basins 2 and 3 were calculated using the average P concentration of the previous and following month.
§ Means/total. Precipitation and loading are annual totals while P concentrations are monthly averages.
¶ Mean total water P concentration measured during or within 24 h of 15 storm flow events.

The mean annual P rate over the five-year period across (1998) suggested that TP concentrations of more than
all fields (including years with no P application) was 15 100 �g L�1 are unacceptably high P concentrations for
kg P ha�1. This rate was slightly lower than the rate most freshwater bodies because it causes eutrophication
(22 kg P ha�1 yr�1) recommended in Iowa to maintain and profound changes to the aquatic ecosystem. More-
optimum STP for the corn–soybean rotation, although over, Downing et al. (2001b) showed that water TP
there was large variability across fields in both STP concentrations above 100 �g L�1 yield an exceptionally
levels and the amount of P applied. The amount of P large dominance of potentially toxic Cyanobacteria in
applied to each field during the five-year period ranged lakes. Our results indicate that the P concentration of
from 10 to 216 kg P ha�1. Based on M3P interpretations, water entering Clear Lake is almost always larger than
in 1999 P was applied to 49% of the high-testing area that value.
although no additional P fertilizer was needed (Sawyer Monthly water TP means across the basins varied
et al., 2002). Moreover, for Basin 2, where all fields considerably over the evaluation period. Concentrations
sampled tested above optimum levels for row crops, the were lower from late summer (August) to the middle
mean application rate was 25 kg P ha�1 yr�1, which of winter (January). This period of time encompasses
suggests producers were maintaining high-testing soil P the period with the largest crop biomass and soil cover
levels. Applying P only when deemed necessary by soil (from August to September) and the period with the
testing would keep soil P levels near the optimum class lowest precipitation (October to January). Water TP
for crops and should reduce the risk of large P loads to concentrations during this period were near concentra-
the lake. tions in ground water for this watershed (238 �g L�1),

which were measured in another component of the study
Phosphorus Concentration in Water Discharge (Downing et al., 2001a). These concentrations are

from Five Agricultural Basins greater than those reported for subsurface tile drainage
(�100 �g L�1) from Iowa field plots having BP valuesThe TP concentrations in water discharge sampled at
of �120 mg P kg�1 in the surface-15-cm soil layer (Bakerregular intervals for five basins are summarized in
et al., 1975; Klatt et al., 2002). Mean water TP concentra-Table 6. The mean annual TP concentration across the
tions for 15 storm events occurring mainly during springfive basins ranged from 275 to 379 �g L�1 in the first

year and 317 to 474 �g L�1 in the second year. Correll (Table 6) ranged from 573 to 911 �g L�1 (the mean
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across basins was 748 �g L�1). There was large variabil- average (714 mm). Phosphorus loading rates across the
two basins were higher in the wet year (2262 and 2057 gity in TP concentrations across these storm events (not

shown), and values ranged from 158 to 2626 �g L�1. P ha�1) than in the dry year (759 and 951 g P ha�1).
Precipitation was 73% higher for the wetter year butWhile we could not distinguish between overland and

subsurface drainage flow in this study, the much higher this difference corresponded to a 2.5-fold increase in P
loading, which indicates that P loading rates were highlywater TP concentrations during storm flow conditions

indicate high contribution of surface runoff. This could climate dependent. Phosphorus loads in February 1999
and 2000 accounted for 23% of the total load over thebe the case even for water discharge from field areas

with subsurface drainage tiles because of the presence two-year evaluation period, suggesting that the snow-
melt period is a time of significant P loss from fields.of surface tile inlets. These tile-drained areas typically

are the wettest parts of the landscape and could be Other research (Gangbazo et al., 1997; Ginting et al.,
2000) also showed substantial P loads during snowmeltconsidered areas of high runoff potential. Ginting et al.

(2000) reported 700 to 6500 �g P L�1 in surface runoff periods. The P loads observed in our study from Febru-
ary to July were 68% (in 1999) and 85% (in 2000) ofentering surface tile inlets in a southern Minnesota field

with similar soils. the annual P load. This 6-mo period encompasses the
snowmelt period, the months with highest rainfall, andLarge water TP concentrations were also observed

during snowmelt periods, which occurred during late the time of the year when crops are not fully developed.
Gangbazo et al. (1997) found 70% of annual P loadingFebruary in both years (Table 6). Snowmelt occurred

before soils thawed and water began flowing through occurring from late March to mid-May, while Longa-
bucco and Rafferty (1989) found 50% of annual solublesubsurface drainage tiles. As snowmelt is occurring, fro-

zen soil inhibits water infiltration. A study conducted P loading occurring during the same period. Our study
probably overestimated P loads during July because inin Canada (Gangbazo et al., 1997) showed that 90% of

the total drainage during the snowmelt period was from both years rainfall was greater than the long-term aver-
age for this month (113 mm) with 283 mm in July 1999surface runoff. Unseasonably warm temperatures dur-

ing the last week of February 2000, when temperatures and 143 mm in July 2000.
never fell below freezing, caused a rapid snowmelt that
was augmented by 14 mm of rainfall. Water samples Relationships between Soil Test Phosphorus and
collected during this period averaged 1100 �g TP L�1. Phosphorus Concentration in Water Discharge
Fall fertilization after harvest, which was the primary

The mean STP and water TP for the five basins infertilization method in the watershed (72%), and little
which water TP concentrations were monitored wereconservation tillage may have contributed to the high
significantly correlated. Data in Fig. 2 show that trendswater TP concentrations at this time.
for mean water TP data from the second year of the
study (August 1999–July 2000), which encompassed thePhosphorus Loads From Two Agricultural Basins STP sampling date, were linear and highly significant
(P � 0.02) for all soil P tests. The largest R2 valuesThe estimated annual P loads for the two gauged

basins were 2262 and 2057 g P ha�1 (Basins 2 and 3, corresponded to the M3P, OP, and FeP tests (0.96–0.97)
and the lowest values corresponded to the WP (0.91)respectively) for the first year (August 1998–July 1999),

and 759 and 951 g P ha�1, respectively, for the second and BP (0.88) tests. The linear coefficients of relation-
ships between TP concentrations and STP shown inyear (Table 6). The two-year mean TP loads were simi-

lar for the two basins (1504 and 1510 g P ha�1 yr�1 Fig. 2 and 3 cannot be directly compared with values
reported in the literature for relationships between STPfor Basins 2 and 3, respectively). Basin 2 had higher

(approximately twice as much) mean STP than Basin 3 and P in surface runoff or subsurface drainage based
on more controlled conditions. First, we could not dis-(Table 4) but had significantly less moldboard-plow or

chisel-disk tillage and less surface-applied P than Basin criminate between P lost through surface runoff or sub-
surface drainage and analyzed only for TP in unfiltered3 (Table 5). Other components of this study (Downing

et al., 2001a; Klatt et al., 2001) showed that agricultural water samples. Second, water P analyses spanned a long
period of time compared with the one-time soil samplingareas contributed 52% of the TP load to this lake (other

sources were urban areas and direct contributions to for STP, whereas most published studies were based on
short-period evaluations mainly based on runoff simula-the lake from rainfall and ground water flow). The P

loads observed in this study are within loads (500–4000 g tions. However, Iowa research based on small plots es-
tablished on fields with various soil series and STPha�1 yr�1) reported for highly fertilized and manured

agricultural watersheds in the Chesapeake Bay area ranges similar to those in this watershed has also shown
linear relationships between TP in surface runoff with(Jordan et al., 1997a,b,c). Other studies from less inten-

sively fertilized agricultural watersheds (i.e., Clesceri STP (Mallarino et al., 2001; Klatt et al., 2002).
Mean water TP data from 15 storm flow events alsoet al., 1986, Nearing et al., 1993) showed P loadings

encompassing a narrower and lower range (90–580 g increased with increasing mean STP, but the relation-
ships were weaker than for mean water TP data (Fig. 3).ha�1 yr�1).

Precipitation for the first year (Table 6) was above Although linear coefficients were almost four times
larger than for annual mean water TP, the R2 valuesthe local long-term average of 830 mm (1235 mm), while

precipitation in the second year was slightly below the were smaller and trends sometimes were not significant
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at commonly used probability levels. The relationships statistically significant (P � 0.13). Basin 2, which had
the highest STP among the five basins for all tests, hadwere strongest for the M3P (R2 � 0.79 and P � 0.05)
the largest mean water TP concentration across theseand FeP (R2 � 0.77 and P � 0.06) tests. Relationships
storm flow events (911 �g L�1), while Basins 3 and 4,for the OP and WP tests were weaker (R2 � 0.70 and
which had the lowest STP, had the lowest mean water0.69, respectively) and were significant only at P � 0.08
TP concentrations (655 and 573 �g L�1, respectively).and 0.09, respectively. The relationship for the BP test

The results in Fig. 2 and 3 show that the environmen-was the weakest (R2 � 0.59) and cannot be considered

Fig. 3. Relationship between mean total P concentration in waterFig. 2. Relationship between mean total P concentration in water
discharge (August 1999–July 2000) and mean soil-test phosphorus discharge measured during 15 storm flow events and mean soil-

test phosphorus (STP) measured with five soil P tests for five(STP) measured with five soil P tests for five basins of the Clear
Lake agricultural watershed. basins of the Clear Lake agricultural watershed.
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tal soil P tests as a group were not better than the than the agronomic tests in describing relationships be-
tween water TP concentration and STP. The M3P agro-agronomic tests in describing relationships between wa-

ter TP concentration and STP. The relationships for the nomic test and the FeP environmental test consistently
showed better relationships with mean annual waterM3P agronomic test and the FeP environmental test

were the best defined for both sets of data. The relation- TP concentrations and water TP concentrations during
storm flow events than the BP agronomic test and theship for the Olsen test was as good as those for the M3P

and FeP tests for the annual means set, but was much WP environmental test.
The survey of management practices showed that Pweaker for the storm flow set, which is a result that

cannot be explained with the methods used. The rela- fertilizer or manure was being applied to much of the
high-testing area of the watershed. Additionally, tillagetionship for the BP test was the weakest for both sets of

data. The weaker relationship for the BP test probably is practices known to increase the risk of soil and P loss
from agricultural fields predominated in the watershed.explained by the underestimation of extractable P by

this test in many high-pH, CaCO3–affected soils (Mallar- Thus, the results suggest that use of a P index to assess
the risk of P loss from fields, reducing P inputs to areasino, 1997).

Extrapolation of the regression lines in Fig. 2 suggests with above-optimum STP, and further adoption of im-
proved soil conservation practices should improve waterthat mean annual water TP in water discharge would

be 178 to 331 �g L�1 for STP values considered optimum quality and the profitability of crop production in the
Clear Lake watershed and other watersheds with simi-for corn and soybean production in Iowa (16–20 mg

kg�1 for the BP or M3P tests, and 11–14 mg kg�1 for lar conditions.
the OP test). This result and a predominance of both
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