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Purpose of This Publication

Knowledge of soil phosphorus (P) levels is an essential component of nutrient
management planning for crop production and for tools that assess the risk of P loss from
agricultural fields. Historically, soil P testing has been used to estimate P availability for crops
and is now being used directly or as a component of P indices to assess the risk of P loss from
fields to water resources. A basic assumption of soil testing for crop production is that the soil
sample collected represents a certain area with an acceptable margin of error. Therefore,
appropriate soil sampling methods are needed for effective agronomic P management and
environmental P assessment. A recent SERA-17 position paper (Vadas et al., 2006) addressed
the issue of soil sampling depth. This position paper summarizes important practical aspects of
topsoil P variability (within 20 cm depth) across the landscape with an emphasis on within-field
variability, and sampling methods that have been recommended or proposed to assess soil P and
suggests practical soil sampling options for agronomic and environmental purposes.

Spatial Variability of Soil Phosphorus

Effective soil sampling methods for P (or any nutrient) requires understanding the causes
and general patterns of spatial variability. Soil chemical and physical properties can lead to
variability in soil P available for plants (or for algae if soil is delivered to water resources) by
influencing the total amount of P, the fraction available to crops, and potential loss from the root
zone. Many soil properties also can affect total and available soil P concentrations indirectly by
affecting crop yield and, as a result, P removal with harvested biomass. Soil property variability
arises from complex interactions among natural soil formation processes and cultural
management practices. Natural soil formation processes include time, parent material,
topography, climate, and organism activity. Cultural management practices such as tillage,
fertilization, manure application, and others can profoundly affect, and even mask, many
variability patterns associated with natural soil physical and chemical processes. Spatial and
temporal variability patterns expected or observed in fields result from the complex interactions
of natural soil formation processes and cultural management practices. Understanding these
interactions is a key element in developing a practical soil sampling strategy.

Spatial variability of soil P is expressed at various scales, which range from a few cm to a
regional scale. Producers and nutrient management planners are interested mainly in variability
within fields and across fields of a farm, although monitoring larger scale nutrient variability is
important for larger scale agricultural and environmental planning purposes (Gburek and
Sharpley, 1998; Gburek et al., 2000; Klatt et al., 2003). In this paper we emphasize within-field
soil P variability. Usually large and complex spatial variability of soil P in fields with long
histories of cropping and fertilization has been recognized for a long time (Cline, 1944; Petersen



and Calvin, 1965; Peck and Melsted, 1973). Within-field variability of soil P was readily
recognized because of the inherently site-specific nature of soil sampling and testing required for
crop production. Recent advances in variable-rate technology (VRT) have encouraged further
research on soil sampling methods and ways to incorporate soil P testing into precision
agriculture management systems.

Soil-test P variation due to inherent soil properties.

Numerous studies have been conducted worldwide to describe soil-test P (STP) and, to a
lesser extent, soil total P variability and their relationship with other soil properties using both
classical and spatial statistical methods. Within-field variation in soil parent material and
topography often, but not always, determine contrasting differences in soil physical and chemical
properties that result in significant STP or total P variation (Rennie and Clayton, 1960; Malo and
Worcester, 1975; Roberts et al., 1985; Brubaker et al., 1993; Franzen et al., 1998; Clay et al.,
2000; Page et al., 2005). Within-field soil P variability has been associated mainly with
variations in soil texture, pH, Ca or CaCOj3 content, and organic matter, although other properties
sometimes also are important. Complex inter-relationships between soil P and these soil
properties have been described by several studies (Mallarino et al., 1999; Kravchenko and
Bullock, 2000; Page et al., 2005) and explain why correlations between STP and soil properties
often are not straightforward or valid across regions. The variability of potentially important soil
P measurements for agronomic or environmental purposes other than STP and total P (such as
soil P saturation, P sorption capacity, or various P fractions) have not been studied nearly as
thoroughly.

Soil-test P variation due to management.

Soil-test P and total P variability can be very large even within a field that appears
uniform in other soil properties, and tends to be larger in fields with long histories of cropping
and fertilization. A few examples selected from numerous studies for fields managed mainly for
grain production that used very dense grid sampling methods illustrate the range of results
reported. Peck and Melsted (1973) found that STP from two Illinois fields sampled using a 25 m
systematic grid had nearly the same mean (33 and 31 mg kg™) but coefficients of variation (CV)
of 76 and 49%, respectively. Pierce et al. (1995) reported that STP of three Michigan fields
sampled using a 31-m grid had means of 23, 50, and 124 mg kg™ and CVs of 34, 50, and 26%,
respectively. On the other hand, Han et al. (1996) reported approximately similar STP means
and CV (24 mg kg™ and 24%) from two adjacent center-pivot irrigation systems in Washington
sampled using a 61-m grid and that in both fields the random component of the variability was
larger than the spatial component. Mallarino (1996) reported that STP mean and CV for
composite samples spaced 3 m along 150 m transects in eight lowa no-tilled fields were 9-41 mg
kg™ and 16-56%, and that often there were cyclic trends clearly resulting from uneven fertilizer
application. Lauzon et al. (2005) sampled 23 Ontario fields using a grid size of 30 m and
reported mean STP ranging form 9 to 71 mg P kg™ and CVs of 24 to 142%.

High STP variability also has been observed in fertilized and grazed pastures (West at al.,
1989; Fisher et al., 1998; Raun et al., 1998; Daniels et al., 2001; Shi et al., 2001). For example,
West et al. (1989) showed that STP in areas near water sources was up to 10-fold greater than
STP in areas further away and that large small-scale variability across the pastures was attributed
to uneven fertilization and feces deposition. Raun et al. (1998) reported large STP variation at a
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sub-meter scale for pastures that were comparable to the variation observed by Mallarino (1996)
for no-till crop fields. High small-scale spatial variability of STP in no-till fields and pastures
should be expected especially when fertilizers are banded or manure is applied because of
limited mixing of residues, fertilizers, and manure with soil.

Studies of within-field soil-test variation with spatial statistics methods (Pierce et al.,
1995; Han et al., 1996; Mallarino, 1996) have shown that the proportion of spatially structure
and random variability changes significantly across fields. These and other studies also have
shown that STP distributions often are skewed from a normal distribution towards positive
values because of relatively greater percentage of high values. These findings suggest that, for
many purposes, consideration of median values and a stratified sampling method (Cline, 1944)
are more useful than the mean values or random sampling of large areas. Clusters of high STP
values sometimes can be explained by differences in management practices. For example, some
producers have historically applied animal manure to relatively small areas. Increasing farm and
field sizes in most regions of the world have resulted in removal of buildings, feeding lots and
fences. Identifying the location of these old structures has been useful for understanding STP
variability and developing efficient sampling methods (Chang et al., 2003).

An obvious conclusion from most variability studies is that the amount and patterns of
soil P variability change significantly depending on numerous factors and that few
generalizations are possible. In regions with long histories of fertilization or manure application,
within-field variability usually encompasses STP values that range from deficient for crop
production to values much greater than optimum. Fields with average STP levels near optimum
for crops usually have areas testing very low and areas testing very high. The strong influence of
management on within-field STP variability at various scales, and the finding that the relative
impacts of spatially structured vs. random spatial variability changes markedly across fields is
frustrating because it limits the reliability of STP extrapolation for mapping using spatial
statistical methods. A study in Kansas (Schmidt et al., 2002) suggested that a dense sampling of
a few fields can provide clues for less dense sampling of other fields within a region, but our
experience indicates that this approach is not viable in regions with long histories of fertilization.

Because temporal STP variability is less than for more mobile nutrients (Lamb and Rehm,
2002), dense soil sampling approaches spaced over time coupled with other information (i.e.,
soil, elevation and yield maps; aerial or satellite imagery) may provide field-specific clues useful
to develop sparser soil sampling approaches.

Soil Sampling Methods

Traditional soil sampling recommendations involve a stratified sampling approach, in
which sampling areas are identified according to previous management, soil map units, and
(sometimes) topography. Most protocols suggest collecting one composite soil sample made up
of about 15-20 soil cores from each sampling area and some recommend a certain number of
samples per unit area (4 to 8 samples ha™). This approach is based on trade-offs between the
practicality of sampling and the ability to achieve a certain level accuracy and precision for the
soil test in the sampling area. Swenson et al. (1984) and others have shown that the accuracy of
a soil-test result increases as the number of subsamples increases. Data in Fig. 1 show that
collecting 20 cores (15 to 20 cores often are recommended) would result in an accuracy of + 15-
20% from the true mean STP for the sample area at the 80 to 90% precision level. However, soil
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test users often take fewer than 20 cores and still expect significant accuracy and precision from
soil testing. Soil test users need to be better educated about the implications for accuracy and
precision of their results based on the number of soil cores collected. Research has shown that
the number of cores required often does not increase significantly or proportionally with the size
of the sample area (Keogh and Maples, 1967; Cameron et al., 1971; Cypra et al., 1972; Swenson
etal., 1984). This is important for areas like the northeast U.S. where field size tends to be very
small, often less than 5 ha. Many users tend to take even fewer cores in these small fields.

The traditional stratified sampling approach (usually based on soil-survey map units)
seemed to work well until the early 1990s, when crop consultants and producers began adopting
precision agriculture technologies and a dense grid soil sampling approach. These new
developments lead to a full appreciation of the large differences in nutrient variability that occur
in most fields; that presumed uniform map units of commonly used soil survey maps often had
very high STP variability, and that variation patterns did not follow soil map units. Therefore,
grid-sampling methods that ignore landscape or soil mapping units began to be adopted rapidly
in the early 1990s and now are widespread in the Corn Belt and Great Plains.

Grid sampling
There are several variations of grid soil sampling (Wollenhaupt et al., 1994; Rehm et al.,

2001). Grid sampling subdivides a field into a systematic arrangement of small areas or cells,
from which one composite sample is collected. Early users of the method collected cores from
the entire area of each cell, a method often referred to as grid-cell area sampling or block
sampling. Currently, most collect cores from smaller areas (50-150 m?) located near the center
of each cell or at the intersection of grid lines, a method referred to as grid-point sampling or
simply grid sampling. Practitioners soon became aware that a cell size of about 2 ha or larger
failed to describe nutrient variability adequately in fields of the Corn Belt (mainly for P and K,
but also pH and organic matter). Nowadays, a cell size of about 1 ha is used and 20 to 60 soil
samples are collected from typically sized Corn-Belt fields where seldom more than two to six
samples were collected before. Soil-test results are mapped to represent each cell area or are
used to create interpolated maps using one of several methods available in computer software
packages. Automatic soil samplers adapted for dense grid sampling have been proposed but at
this time have not been adopted in production agriculture.

Practitioners' observations about the high sampling density needed to describe STP
variability are corroborated by research results. For example, Wollenhaupt et al. (1994) and
Franzen and Peck (1995) showed major differences in soil test maps for P and K based on
various grid cell sizes and demonstrated that cell sizes of 0.4 and 0.1 ha greatly increase mapping
accuracy. Smith et al. (1998) suggested that a grid size equal to or smaller than 6 by 18 m might
be needed to assess soil nutrient status for cotton. Chang et al. (1999), McBratney and Pringle
(1999), and Lauzon et al. (2005) and others, reported that the impact of grid distance on the
reproducibility of spatial variability measurements decreased significantly for grid sizes larger
than 20 to 30 m. This is a serious limitation to adoption of grid sampling in large fields (e. g.,
larger than 40 to 50 ha) typical of some regions of the U.S, such as in the Great Plains region. In
regions with large fields, cell size is larger mainly to reduce sampling and testing costs, not
necessarily because of lower nutrient variability. On the other hand, in other parts of the
country, such as in the northeast region, some fields are only the size of typical grid cells used in
the Midwest.
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Sometimes, however, a dense sampling does not result in contrastingly different STP or
fertilizer recommendation maps compared with sparser grids. Franzen and Peck (1995) observed
that a 65 m grid size still reflected the spatial variability accurately compared with a distance of
25 m but was better than a 98 m grid. However, STP variability within cells of that size still can
be very high and sampling of systematically aligned points or small areas can lead to large error
when spatial patterns are cyclic (Wollenhaupt et al., 1994; Mallarino, 1996). To avoid this
problem, sampling points sometimes are determined for random locations within grid cells or
using a systematic yet unaligned method. Obvious conclusions from most sampling studies are
that grid sampling provides excellent information about STP variability when a small grid size is
used, important attributes are missed when grid size is increased, costs and labor associated with
a dense sampling are high, and no general recommendation is possible across all fields.

Zone sampling
Zone sampling has recently been suggested to reduce sampling and testing costs

compared with a dense grid sampling method while maintaining acceptable information about
nutrient variation. Zone sampling assumes that relatively homogeneous sampling areas can be
identified based on management and soil and crop characteristics with variation patterns that are
likely to be temporally stable (Pocknee et al., 1996; Fleming et al., 2000; Franzen et al., 2000).
Criteria used to delineate management zones vary widely. Soil series and topographic position,
in addition to previous management practices, can be used to identify sampling zones. However,
the scale and accuracy of common soil survey maps may not always be adequate for precision
management (Mausbach et al., 1993; Fenton and Lauterbach, 1998; Mallarino and Wittry, 2004).
Elevation, topography, and soil or crop canopy images can be part of the information used to
identify sampling zones because they tend to reflect different soil properties and may
complement the use of soil survey maps (Franzen et al., 1998; Varvel et al., 1999; Kravchencko
and Bullock, 2000; Schepers et al., 2000; Franzen and Nanna, 2002). Patterns in aerial or
satellite images and derived indices based on wavelength ratios can reflect soil organic matter,
soil moisture content, or crop growth patterns (Varvel et al., 1999; Luchiari et al., 2000; Franzen
and Nanna, 2002). Recent and old aerial images also are useful to reveal the location of previous
buildings, feeding lots and fences that denote small fields have been merged into larger fields
(Chang et al., 2003). Estimates of soil electrical conductivity through on-the-go measurements
of soil electro-magnetic inductance or direct sensing (EC) may be a useful zoning tool because
EC maps often are correlated with soil properties such as texture, cation exchange capacity, and
soluble salt concentrations; topsoil depth (to a claypan or other root growth limiting layer); and
sometimes crop yield (Doolittle et al., 1994; Jaynes, 1996; Sudduth et al., 1998; Luchiari et al.,
2000; Clay et al., 2001; Heiniger et al., 2003; Kitchen et al., 2003).

Yield maps can be used to define soil productivity areas and may help establish sampling
zones when coupled with other information layers. However, yield map interpretation for field
zoning is not straightforward because stable within-field yield variation patterns over time are
observed in some fields but not in others (Lamb et al., 1996; Colvin et al., 1997; Stafford et al.,
1999; Boydell and Mc Bratney, 2002; Flowers et al., 2005). Research also has shown that zones
with contrasting yield levels do not necessarily represent differences in soil P because other soil
properties, management and weather often have a greater impact on yield in many years
(Mallarino and Wittry, 2004; Flowers et al., 2005; Sawchik and Mallarino, 2007).



The variety of tools and information available to define zones determine that zoning
methods used or proposed vary significantly. These methods range from simple approaches that
can be used by producers and crop consultants with affordable and user-friendly computer
software (Fleming et al., 2000; Franzen et al., 2000; Franzen and Nanna, 2002) to more
sophisticated methods (Fraisse et al., 2001; Boydell and McBratney, 2002; Chang et al., 2003;
Fridgen et al., 2004). For example, Chang et al. (2003) compared zone approaches for soil
nitrate and STP based on field boundary demarcations and old homestead locations;
geographical information systems (GIS) or cluster analysis of various soil attributes (EMI,
elevation, and aspect); grids of several sizes; and soil survey maps in three North Dakota fields.
They showed that the approach based solely on soil survey maps was the least effective in
reducing within-zone STP variability, which was attributed to the impact of prior management
on nutrient variability. Grid sampling (3.5 to 4.0 ha) and zoning based on old field or homestead
boundaries were the most effective at reducing within-zone STP variability. Grid sampling and
sampling separately old homestead or animal-impacted areas significantly reduced the area
incorrectly fertilized, although the differences changed significantly across fields. Mallarino and
Wittry (2004) compared sampling approaches based on soil survey maps (1:12,000 scale),
detailed soil maps (< 1:5,000 scale), cells 1.2-1.8 ha in size, elevation zones, and an integrated
zone approach based on several layers of information that included yield maps across six lowa
fields. No approach was always the most effective across fields in reducing the within-unit STP
variability, although a sampling approach based solely on soil survey maps always was the least
efficient. Across all fields, sampling approaches differed little on the proportion of the area that
would have been correctly fertilized (50-59%), although differences sometimes were larger or
smaller for individual fields. Flowers et al. (2005) showed that yield zones based on multi-year
crop yield data from four fields were nearly as effective as grid sampling based on a 98-m grid at
describing STP and other nutrients variability but was less effective than grid sampling based on
a 68-m grid.

Sawchik and Mallarino (2007) used yield response to fertilization to assess the efficacy
of various sampling methods for agronomic purposes. For P, strip trials were established on four
fields that were evaluated the 4 years of two corn - soybean rotation sequences. Soil test values
from samples collected using a very dense grid-point (DG) approach (0.08 ha) were used to
simulate six sampling approaches: 1.0 ha grid cells (GC), soil series from digitized survey maps
(SM2), elevation (EZ), EC zones (ECZ), elevation and ECa (EECZ) zones, and elevation, ECa,
and slope (EECSZ) zones. Yield monitors, differential global positioning systems (DGPS), and
GIS were used to describe crop response to fertilization for the sampling cells or zones.
Estimates of within-field STP variation were greatest for DG, intermediate for GC, and much
less for the other approaches. A differential within-field response to P was identified in 10 of the
16 site-years by DG; in 7 site-years by GC; in 3 site-years by EZ, ECZ, or its combinations; and
in none by SMZ. Zone approaches identified areas with different yield levels but were
ineffective at describing STP variation and differential crop response to P fertilization. Usually
similar mean STP explained the ineffectiveness of zone sampling across zones and high within-
zone STP variation. They concluded that zone approaches might be more effective in fields with
shorter fertilization histories and/or those with large variation soil properties that have a
significant influence on P availability.

The results of reviewed research clearly demonstrate the difficulty for recommending
cost-effective soil sampling recommendations across all conditions. No single sampling
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approach is superior in describing STP variability cost-effectively across all conditions.
Examples for three lowa fields included in Fig. 2 demonstrate the contrastingly different results
that can be expected when using similar sampling methods in different fields. Obviously, a very
dense and costly grid sampling method will describe STP variability better. Zone sampling
approaches based on a variety of information layers are reasonable alternatives to a strict soil
map-unit based sampling approach and dense (and costly) grid-sampling approaches.
Consideration of soil sampling and testing costs and the willingness of producers or crop
consultants to change methods across fields will in many instances determine the effectiveness of
alternative soil sampling approaches. Research results underscore the great impact that
development of sensors for directly assessing STP could have on improving P management.

Implications for Environmental Phosphorus Management

The potential for P delivery from fields is affected by soil P levels and soil properties but
also by factors such as soil erosion, surface water runoff, and subsurface drainage that control P
delivery. Phosphorus assessment tools, or P indices, have been developed to better estimate the
risk of P loss from fields compared with estimates provided solely by STP and planned P
application methods or rates. In both cases, however, soil sampling plays a key role in
estimating P loss. Soil sampling studies have demonstrated that with very few exceptions,
agricultural fields encompass areas with high variability in soil P levels and fertilizer need.
Therefore, few argue against the potential value of dense grid soil sampling coupled with VRT
for improving STP assessment and P application management. Zone sampling also adapts well
to VRT because the criteria to delineate zones based on many layers of information can be
adapted to essentially any desirable numbers of zones and soil sampling density. Regardless of
the soil sampling method used, however, an "as best as possible” description of STP variability
and associated "best as possible” P application using VRT has the major limitation of high costs.
These high costs arise not only from high soil sampling and testing costs, but also costs of
needed equipment (DGPS, controllers), data acquisition and processing, and the usually
time-consuming intellectual investments in learning how to successfully use all components of
the technology. Moreover, although several studies showed a potential benefit from VRT when
dense soil sampling approaches are used, none has demonstrated consistent or large crop yield
responses to the new technology package for reasons beyond the scope of this paper (Wibawa et
al., 1993; Anderson and Bullock, 1998; Lowenberg-DeBoer and Aghib, 1999; Yang et al., 2001,
Wittry and Mallarino, 2002; Wittry and Mallarino, 2004; Bermudez and Mallarino, 2007).
However, as on-farm research (Wittry and Mallarino, 2002 and 2004) and data in Fig. 3
demonstrates, VRT and dense grid sampling can greatly improve P management, reduce excess
P application across a field, and potentially reduce P loss from fields.

Studies have found that small areas of fields or watersheds usually deliver
disproportionately greater amounts of P to streams or lakes (Longabucco and Rafferty, 1989;
Gburek and Sharpley, 1998; Gburek et al., 2000; Needelman et al., 2001; Weld et al., 2001; Klatt
et al., 2003). Moreover, field areas with the greatest risk for P loss may be smaller than, or may
not fully coincide with, areas that have the highest soil P levels. A P index can be used to
classify fields or field areas into classes according to the risk of P loss through various transport
mechanisms and, therefore, can provide guidelines for improved soil conservation and P
management practices. For example, the lowa P index establishes that P index ratings can be
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estimated for conservation management units within a field as defined by the USDA Natural
Resources Conservation Service (Mallarino et al., 2002) and the lowa Department of Natural
Resources allows for even more flexible criteria to establish field zones for P index calculation.

Phosphorus index ratings for different field areas could be used as another information
layer to complement other information layers discussed above to establish sampling zones. The
information available in digitized soil survey maps can be complemented with high-precision
elevation maps (from which more accurate estimates of slopes can be obtained using GIS
software), EC maps, waterway maps, or imagery of bare soil or crop canopies to produce an
approximate index of the risk of P loss. Application of these concepts to several fields has
shown, as expected, that within-field variation in the risk of P loss varies greatly depending on
the soils, topography, and STP levels of each field (Page et al., 2005; Djodjic et al., 2001;
Mallarino et al., 2001). Figure 4 illustrates the large STP variability within and across fields of
an lowa watershed. Working in a different region, Page et al. (2005) showed that topography
alone was not related to the distribution of soil P in two sub-watersheds and did not provide an
adequate indicator of critical source areas because of high soil P variation at a small scale. The
results of many studies did show, however, that field zoning is useful to prioritize field areas that
require signifcant changes in soil conservation practices or P management practices to reduce the
risk of P delivery to water resources.

Recommendations

Grid and zone sampling methods used in the Corn Belt describe STP better than the
traditional sampling by soil type method. However, these methods still do not describe small-
scale STP variability as well as many believe. A grid-sampling approach based on a 1.0-ha grid
size often is more effective than zone sampling in fields with long histories of P fertilization or
manure application because more samples are taken per unit area, and it does not rely on often
unproven assumptions of a good relationship between STP and stable soil properties and
landscape features.

Consideration of sampling and testing costs together with uncertain yield increases and
economic benefits from variable-rate fertilizer or manure P application suggests little
justification for widespread adoption of dense grid-based soil sampling methods. The
probability of economic benefits from grid soil sampling will be greater when the variation in
yield response is large (such as in fields with large STP variation at relatively low levels) and
crop or fertilizer values are high compared with soil testing and fertilizer application costs. From
an economic perspective, a zone-based soil-testing approach likely is more justified than grid
sampling in fields with predominantly optimum to high STP or higher. There may be more
justification for dense sampling for environmental purposes, but this will likely come at a
significant economic cost. Also, a frequent soil sampling (e. g., every 2 years or annual) is more
justified for a zone sampling approach with fewer samples than for grid sampling.



Therefore, the SERA-17 Task Force on soil sampling supports the following
recommendations:

1. With economic considerations aside, a dense grid sampling (probably 1.0-ha grids or
smaller) is most likely to result in the most thorough agronomic and environmental
assessment of soil P across most conditions.

2. However, neither Land Grant Universities nor regulatory agencies should recommend or
require a dense and frequent (more than every 4 years) grid sampling approach because it
is not more effective in all conditions and would result in a significant economic penalty
to producers in many situations.

3. Land Grant Universities and regulatory agencies could discourage a strict sampling by
soil map unit approach.

4. Regulatory agencies should accept grid or zone sampling approaches that are
recommended by the Land Grant University for the state that the producer is operating in.
We believe that producers and nutrient management planners should choose between
grid sampling and zone sampling approaches that improve the traditional sampling by
soil map unit or random composite sampling as much as possible based on a variety of
information layers (e. g. yield maps, digitized elevation maps, aerial images of soil and
canopy, and others) available to producers at a reasonable cost.

5. Asignificant practical issue in soil sampling that can be easily addressed at a low cost is
the number of subsamples required for each composite sample to provide a reasonable
estimate of the mean STP within a sampling unit. A minimum of 10 to 12 soil cores
should be collected within each sampling unit, regardless of the sampling method used, if
the expected soil test results are to be +/- 20% of the mean soil test with 80% precision.

References

Anderson, N.W., and D.G. Bullock. 1998. Variable rate fertilizer application for corn and
soybean. J. Plant Nutr. 21:1355-1361.

Boydell, B., and A.B. McBratney. 2002. Identifying potential within-field management zones
from cotton yield estimates. Precision Agric. 3:9-23.

Brubaker, S.C., A.J. Johnes, D.T. Lewis, and K. Frank. 1993. Soil properties associated with
landscape positions. Soil Sci. Soc. Am. J. 57:235-239.

Cameron, D.R., M. Mybert, J.A. Toogood, and D.H. Loverty. 1971. Accuracy of field sampling
for soil tests. Can. J. Soil Sci. 51:165-175.

Chang, J., D.E. Clay, C.G. Carlson, D. Malo, S.A. Clay, J. Lee, M. Ellsbury. 1999. Precision
farming protocols. Part 1. Grid distance and soil nutrient impact on the reproducibility of
spatial variability measurements. Precision Agric. 1:277-2809.

Chang, J., D.E. Clay, C.G. Carlson, S.A. Clay, D.D. Malo, R. Berg, J. Kleinjan, and W. Wiebold.
2003. Different techniques to identify management zones impact nitrogen and
phosphorus sampling variability. Agron. J. 95:1550-1559.

Clay, D.E., J. Chang, C.G. Carlson, D.D. Malo, S.A. Clay, and M. Ellsbury. 2000. Precision
farming protocols. Part 2. Comparison of sampling approaches for precision phosphorus
management. Communic. Soil Sci. Plant Anal. 31:2969-2985.



Clay, D.E., J. Chang, D.D. Malo, C.G. Carlson, C. Reese, S.A. Clay, M. Ellsbury, and B. Berg.
2001. Factors influencing spatial variability of soil apparent electrical conductivity.
Communic. Soil Sci. Plant Anal. 32:2993-3008.

Cline, M.G., 1944. Principles of soil sampling. Soil Sci., 58: 275-288.

Colvin, T.S., D.B. Jaynes, D.L. Karlen, D.A. Laird, and J.R. Ambuel 1997. Yield variability
within a central lowa field. Trans. ASAE 40:883-889.

Cypra, J.E., O.W. Bidwell, D.A. Whitney, and A.M. Feyerherm. 1972. Variations with distance
in selected fertility measurements of pedons of western Kansas Ustoll. Soil Sci. Soc. Am.
Proc. 36:111-115.

Daniels, M.B., P. Delauneb, P.A. Moore, Jr., A. Mauromoustakosd, S.L. Chapmana. and J.M.
Langston. 2001. Soil phosphorus variability in pastures. Implications for sampling and
environmental management strategies. J. Env. Qual. 30:2157-2165.

Djodjic, F., H. Montasb, A. Shirmohammadib, L. Bergstroma, and B. Uléna. 2002. A decision
support system for phosphorus management at a watershed scale. J. Environ. Qual.
31:937-945.

Doolittle, J.A., K.A. Sudduth., N.R. Kitchen, and S.J. Indorante. 1994. Estimating depths to
claypans using electromagnetic induction methods. J. Soil Water Conserv. 49:572-575.

Fenton, T.E., and M.A. Lauterbach. 1999. Soil map unit composition and scale of mapping
related to interpretations for precision soil and crop management in lowa. p. 239-251. In
P.C. Robert et al. (eds.). Proc. Fourth Int. Conf. on Precision Agriculture. St. Paul, MN.
July 19-22 1998. ASA-CSSA-SSSA, Madison WI.

Fisher, E., B. Thornton, G. Hudson, and A.C. Edwards. 1998. The variability in total and
extractable soil phosphorus under a grazed pasture. Plant Soil 203:249-255.

Fleming, K.L., D.G. Westfall, D.W. Wiens, and M.C. Brodahl. 2000. Evaluating farmer defined
management zone maps for variable rate fertilizer application. Precision Agric.
2:201-215.

Flowers, M., R. Weisz, and J.G. White. 2005. Yield-based management zones and grid sampling
strategies: describing soil test and nutrient variability. Agron. J. 97:968-982.

Fraisse, C.W., K.A. Sudduth, and N.R. Kitchen. 2001. Delineation of site-specific management
zones by unsupervised classification of topographic attributes and soil electrical
conductivity. Trans. of the ASAE. 44:155-166.

Franzen, W.D., and T.R. Peck. 1995. Field soil sampling density for variable rate fertilization. J.
Prod. Agric. 8:568-574.

Franzen, D.W., L.J. Cihacek, V.L. Hofman, and L.J. Swenson. 1998. Topography-based
sampling compared to grid sampling in the Northern Great Plains. J. Prod. Agric.
11:364-370.

Franzen, D.W., A.D. Halvorson, and V.L. Hofman. 2000. Management zones for soil N and P
levels in the Northern Great Plains. In P.C. Robert, R.H. Rust, and W.E. Larson (eds.)
Proc. Fifth Int. Conf. on Precision Agriculture. Minneapolis, MN. 16-19 July 2000.
CD-ROM. ASA-CSSA-SSSA, Madison, WI.

Franzen, D.W., and T.N. Nanna. 2002. Management zone delineation methods. In P.C. Robert,
R.H. Rust, and W.E. Larson (ed.). In P.C. Robert, R.H. Rust, and W.E. Larson (ed.).
Proc. Sixth Int. Conf. on Precision Agriculture. Minneapolis, MN. July 14-17 2002. CD-
ROM. ASA-CSSA-SSSA, Madison, WI.

10



Fridgen, J.J., N.R. Kitchen, K.A. Sudduth, S.T. Drummond, W.J. Wiebold, and C.W. Fraisse.
2004. Management Zone Analyst (MZA). Software for subfield management zone
delineation. Agron. J. 96:100-108.

Gburek W.J., and A.N. Sharpley. 1998. Hydrolic controls on phosphorus loss from upland
agricultural watersheds. J. Environ. Qual. 27:267-277.

Gburek, W.J., A.N. Sharpley, L. Heathwaite, and G.J. Folmar. 2000. Phosphorus management at
the watershed scale: a modification of the phosphorus index. J. Environ. Qual.
29:130-144.

Han, S., S.M. Schneider, R.G. Evans, and S.L. Rawlins. 1996. Spatial variability of soil
properties on two center pivot irrigated fields. p. 97-106. In P.C. Robert et al. (ed.). Proc.
Third Int. Conf. on Precision Agriculture. Minneapolis, MN. 23-26 June 1996. ASA,
CSSA, SSSA. Madison, WI.

Heiniger, R.W., R.G. McBride, and D.E. Clay. 2003. Using soil electrical conductivity to
improve nutrient management. Agron. J. 95:508-519.

Jaynes, D.B. 1996. Improved soil mapping using electromagnetic induction surveys. p. 169-179.
In P.C. Robert et al. (ed.). Proc. Third Int. Conf. on Precision Agriculture. Minneapolis,
MN. 23-26 June 1996. ASA, CSSA, SSSA. Madison, WI.

Keogh, J.L. and R. Maples. 1967. A statistical study of soil sampling of Arkansas alluvial soils.
Arkansas Agric. Exp. Stn. Rep. Series 157.

Kitchen, N. R., S.T. Drummond, E.D. Lund, K.A. Sudduth, and G.W. Buchleiter. 2003. Soil
electrical conductivity and topography related to yield for three contrasting soil-crop
systems. Agron. J. 95:483-495.

Klatt, J.G., A.P. Mallarino, J.A. Downing, J.A. Kopaska, and D.J. Wittry. 2003. Soil phosphorus,
management practices, and their relationship to phosphorus delivery in the lowa Clear
Lake agricultural watershed. J. Env. Qual. 32:2140-2149.

Kravchenko, A.N., and D.G. Bullock. 2000. Correlation of corn and soybean grain yield with
topography and soil properties. Agron. J. 92:75-83.

Lamb, J.A., J.L. Anderson, G.W. Rehm, and R.D. Dowdy. 1996. Grain yield stability in
continuous corn and corn-soybean cropping systems on a sandy landscape. p. 417.424. In
P.C. Robert et al. (ed.). Proc. Third Int. Conf. on Precision Agriculture. Minneapolis,
MN. 23-26 June 1996. ASA, CSSA, SSSA. Madison, WI.

Lamb, J.A, and G.W. Rehm. 2002. Short-term stability of soil test phosphorus in agricultural
fields. Can. J. Soil Sci. 82:239-247.

Lauzon, J.D., I.P. O’Halloran, D.J. Fallow, A.P. von Bertoldi, and D. Aspinall. 2005. Spatial
variability of soil test phosphorus, potassium, and pH of Ontario soils. Agron. J. 97:524-
532.

Longabucco, P., and M.R. Rafferty. 1989. Delivery of nonpoint-source phosphorus from
cultivated mucklands to Lake Ontario. J. Environ. Qual. 18:157-163.

Lowenberg-DeBoer, J. And A. Aghib. 1999. Average returns and risk characteristics of site-
specific P and K management: Eastern Corn Belt on-farm trial results. J. Prod. Agric.
12:276-282.

11



Luchiari, A., J. Shanahan, D. Francis, M. Schlemmer, J. Schepers, M. Liebig, A. Schepers, and
S. Payton. 2000. Strategies for establishing management zones for site specific nutrient
management. In P.C. Robert et al. (ed.). Fifth Intl. Conf. on Site-Specific Management
for Agricultural Systems. Proc. Minneapolis, MN. 16-19 July 2000. CD-ROM.
Bloomington, MN. ASA, SSSA, ASA., Madison, WI.

Mallarino, A.P. 1996. Spatial variability patterns of phosphorus and potassium in no-tilled soils
for two sampling scales. Soil Sc. Soc. Am. J. 60:1473-1481.

Mallarino, A.P., E.S. Oyarzabal, and P.N. Hinz. 1999. Interpreting within-field relationships
between crop yield and soil and plant variables using factor analysis. Prec Agric. 1:15-25.

Mallarino, A.P., and D.J. Wittry. 2004. Efficacy of grid and zone soil sampling approaches for
site-specific assessment of phosphorus, potassium, pH, and organic matter. Precision
Agric. 5:131-144,

Mallarino, A.P, D.J. Wittry, and J.G. Klatt. 2001. Using the lowa phosphorus index and
variable-rate technology for effective agronomic and environmental phosphorus
management. p. 151-157. In 13th Integrated Crop Management Conf.. Dec. 5-6, 2001,
lowa State Univ., Ames, IA.

Mallarino, A.P., B.M. Stewart, J.L. Baker, J.A. Downing, and J.E. Sawyer. 2002. Phosphorus
indexing for cropland: Overview and basic concepts of the lowa phosphorus index. J.
Soil Water Conserv. 57:440-447.

Malo, D.D., and B.K. Worcester. 1975. Soil fertility and crop responses at selected landscape
positions. Agron. J. 67:397-401.

Mausbach, M.J., Lytle, D.J., and Spevey, L.D. 1993. Application of soil survey information to
soil specific farming. p. 57-68. In P.C. Robert, R.H. Rust, and W.E. Larson (eds.) Proc.
Third Int. Conf. on Precision Agriculture. Minneapolis, MN. 23-26 June 1996. ASA-
CSSA-SSSA, Madison, WI.

McBratney, A.B., and M. J. Pringle. 1997. Spatial variability in soil - Implications for precision
agriculture. p. 3-31. In J.V. Stafford (ed.) Precision agriculture '97. First European Conf.
on Precision Agriculture. Oxford, UK. Sep. 7-10, 1997. BIOS Sci. Publ., Herndon, VA.

McBratney, A.B., and M. J. Pringle. 1999. Estimating average and proportional variograms of
soil properties and their potential use in precision agriculture. Precision Agric. 1:219-
236.

Needelman, B.A., W.J. Gburek, A.N., Sharpley, and G.W. Petersen. 2001. Environment
management of soil phosphorus: modeling spatial variability in small fields. Soil Sci.
Soc. Am. J. 65:1516-1522.

Page, T., P.M. Haygarth, K.J. Beven, A. Joynes, T. Butler, C. Keeler, J. Freer, P.N. Owens, and
G.A. Wood. 2005. Spatial variability of soil phosphorus in relation to the topographic
index and critical source areas: Sampling for assessing risk to water quality. J. Environ.
Qual. 34:2263-2277.

Peck, T.R., and S.W. Melsted. 1973. Field sampling for soil testing. p. 67-75 In L.M. Walsh and
J.D. Beaton (ed.)., Soil Testing and Plant Analysis (Rev.), SSSA, Madison, WI.

Pierce, F.J., D.D. Warncke, and M.W. Everett. 1995. Yield and nutrient variability in glacial
soils of Michigan. p. 133-152. In P.C. Robert et al. (ed.) Site-specific management for
agricultural systems. ASA Misc. Publ. ASA-CSSA-SSSA, Madison, WI.

Petersen, R.G. and Calvin, L.D. 1965. Sampling. p. 54-72. In C.A. Black (ed.), Methods of soil
analysis. Agron. Monogr. 9. ASA-CSSA-SSSA, Madision, WI.

12



Pocknee, S., B.C. Bouydell, H.M. Green, D.J. Waters, and C.K. Kvien. 1996. Directed soil
sampling. p. 159-168. In P.C. Robert et al. (ed.). Proc. Third Int. Conf. on Precision
Agriculture. Minneapolis, MN. 23-26 June 1996. ASA, CSSA, SSSA. Madison, WI.

Raun, W.R., J.B. Solie, G.V. Johnson, M.L. Stone, R.W. Whitney, H.L. Lees, H. Sembiring, and
S.B. Phillips. 1998. Microvariability in soil test, plant nutrient, and yield parameters in
bermudagrass. Soil Sci. Soc. Am. J. 62:683-690.

Rehm, G.W., A.P. Mallarino, K. Reid, D. Franzen, and J. Lamb. 2001. Soil sampling for
variable-rate fertilizer and lime application. North Central Multistate Report 348 -
NCR-13 Committee. Minnesota Agricultural Experiment Station Bull. 608-2001. Univ.
of Minnesota, St. Paul., MN.

Rennie, D.A., and J.S. Clayton. 1960. The significance of local soil types to soil fertility studies.
Can. J. Soil Sci. 40:146-156.

Roberts, T.L., J.W.B. Stewart, and J.R. Bettany. 1985. The influence of topography on the
distribution of organic and inorganic soil phosphorus across a narrow environmental
gradient. Can. J. Soil Sci. 65:651-665.

Sawchik, J., and A.P. Mallarino. 2007. Evaluation of zone soil sampling approaches for
phosphorus and potassium based on corn and soybean response to fertilization. Agron. J.
(in press).

Schepers, J.S., M.R. Schlemmer, and R.B. Ferguson. 2000. Site-specific considerations for
managing phosphorus. J. Environ. Qual. 29:125-130.

Schmidt, J.P., R.K. Taylor, and G.A. Milliken. 2002. Evaluating the potential for site-specific
phosphorus applications without high-density soil sampling. Soil Sci. Soc. Am. J.
66:276-283.

Shi, Z., K. Wang, J.S. Bailey, C. Jordan, and A.J. Higgins. 2000. Sampling strategies for
mapping soil phosphorus and soil potassium distributions in cool temperate grassland
Precision Agric. 2:347-357.

Smith, S.A., M.E. Essington, D.D. Howard, D.D. Tyler, and J. Wilkerson. 1998. Site-specific
nutrient management: Variability in cotton yield response and soil chemical
characteristics. Better Crops Plant Food 82:12-14.

Stafford, J.V., R.M. Clark, and H.C. Bolam. 1999. Using yield maps to regionalize field into
potential management units. p. 225-237. In P.C. Robert et al. (eds.). Proc. Fourth Int.
Conf. on Precision Agriculture. St. Paul, MN. July 19-22 1998. ASA-CSSA-SSSA,
Madison WI.

Sudduth, K.A., N.R. Kitchen, and S.T. Drummond. 1998. Soil conductivity sensing on claypan
soil: comparison of electromagnetic induction and direct methods. p. 979-990. In P.C.
Robert et al. (eds.). Proc. Fourth Int. Conf. on Precision Agriculture. St. Paul, MN. July
19-22 1998. ASA-CSSA-SSSA, Madison WI.

Swenson, L.J., W.C. Dahnke, and D.D. Patterson. 1984. Sampling for soil testing. North Dakota
State Univ., Dept. of Soil Sci., Res. Rep. No. 8.

Vadas, P.A., A.P. Mallarino, and A. McFarland. 2005. The importance of sampling depth when
testing soils for their potential to supply phosphorus to surface runoff. Position paper.
Minimizing Phosphorus Losses from Agriculture / Information Exchange Group (SERA-
17/1IEG) CSEERS committee. Available at www.seral7.ext.vt.edu.

13



Varvel, G.E., M.R. Schlemmer, and J.S. Schepers. 1999. Relationship between spectral data
from an aerial image and soil organic matter and phosphorus levels. Precision Agric.
1:291-300.

Weld, J.L., A.N. Sharpley, D.B. Beegle, and W.J. Gburek. 2001. Identifying critical sources of
phosphorus export from agricultural watersheds. Nutr. Cycl. Agroecosyst. 59:29-38.

West, C.P., A.P. Mallarino, W.F. Wedin, and D.B. Marx. 1989. Spatial variability of soil
chemical properties in grazed pastures. Soil Sci. Soc. Am. J. 53:784-789.

Wibawa, W.D., D.L. Dludlu, L.J. Swenson, D.G. Hopkins, W.C. Dahnke. 1993. Variable
fertilizer application based on yield goal, soil fertility, and soil map unit. J. Prod. Agric.
6:255-261.

Wittry, D.J., and A.P. Mallarino. 2002. Use of variable-rate technology for agronomic and
environmental phosphorus-based liquid swine manure management. In P.C. Robert, R.H.
Rust, and W.E. Larson (ed.). Proc. Sixth Int. Conf. on Precision Agriculture.
Minneapolis, MN. July 14-17 2002. CD-ROM. ASA-CSSA-SSSA, Madison, WI.

Wittry, D.J., and A.P. Mallarino. 2004.Comparison of uniform- and variable-rate phosphorus
fertilization for corn-soybean rotations. Agron. J. 96:26-33.

Wollenhaupt, N.C., R.P. Wolkowski, and M.K. Clayton. 1994. Mapping soil test phosphorus and
potassium for variable-rate fertilizer application. J. Prod. Agric. 7:441-448.

Yang, C., J.H. Everitt, and J.M. Bradford. 2001. Comparisons of uniform and variable rate
nitrogen and phosphorus fertilizer applications for grain sorghum. Trans. ASAE 44:201-
209.

14



L)
L]
L]
260 il
-
H
240 »
-
L]
H
220 H
L]
H
.
w 200 H
L" H
-
a t1an H
E L -1
A 1 -.
i 1 1 PRECISION LEVEL
v %Y osssaceas a0 %
a
Y 140 LI
Y
W 1 5% mme—— 840% PRECISION LEVEL
a 15
120 L
44 .
w Y '_
@ tp0 Y .
= -
\ Y
=1 ..
Z ap ) .
“ .O.
)
60 Y b
hY a
A Y '._
40 \\ b
~, *,
o ..'5 .'o-
- -
oy ...-'IDQ------.-.
-
0
o x5 +10 +15

*20 X235
LEVEL OF ACCURACY (% deviation from mean)

Fig. 1. Number of subsamples required for a composite soil sample for P according to various
levels of accuracy at the 80% and 90% precision levels (from Swenson et al., 1984).
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Fig. 2. Soil-test P maps based on different soil sampling methods for three lowa field sections.

Results for the 0.5-acre and grid-cell methods were based on 16- to 24-core samples. The
4-acre grid-point and soil-type methods were simulated by using one (for the grid

method) or all 0.6-acre points (for the soil zones). VL, very low; L, low; Opt, optimum;
H, high; and VH, very high (lowa soil-test P interpretation classes for corn and soybean).
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Fig. 3. Effect of uniform and variable application methods for liquid swine manure P on soil-test
P change within a field after one crop harvest for various initial lowa soil-test P
interpretation classes for corn or soybean (Wittry and Mallarino, 2002).
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Fig. 4. Distribution of soil-test P within and across fields of the lowa Clear Lake watershed as
described by interpolation of test results from a dense zone sampling method. From original data
summarized for publication by Klatt et al. (2003).
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