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INNOVATIVE MANAGEMENT OF
AGRICULTURAL PHOSPHORUS TO

PROTECT SOIL AND WATER RESOURCES

Andrew N. Sharpley, Peter Kleinman, and Richard McDowell

USDA-ARS, Pasture Systems and Watershed Management
Research Laboratory, University Park, PA 16802-3702,

USA

ABSTRACT

Agriculture, particularly livestock agriculture, is receiving increas-
ing public scrutiny due to non-point source phosphorus (P) pol-
lution and eutrophication. Much of today’s situation may be at-
tributed to system level trends in specialization and intensification
that result in excess P entering livestock farms. Balancing P at the
farm gate represents a necessary step for long-term soil and water
quality protection. Remedial P management combines source and
transport control that confront critical areas of P export in surface
and subsurface runoff from agricultural landscapes. Source man-
agement seeks to immobilize P in the environment through such
strategies as reducing soluble P in manure, targeting P applica-
tion to soils with high retention capacities, and managing soil P.
Transport controls employ an understanding of loss or transfer
mechanisms to avoid P application on areas with a high transport
potential. Also, the potential for P transport can be reduced by im-
plementation of conservation practices such as reduced tillage, ter-
racing, and stream buffers. However, implementation of agricul-
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tural management strategies that minimize P export must consider
the cost effectiveness of alternative measures, as low practice adop-
tion may limit or impede water quality benefits.

INTRODUCTION

Phosphorus (P) is an essential element required for crop production and is
the primary agent controlling freshwater eutrophication, the process of organic
enrichment of water bodies that is the most ubiquitous water quality impairment
in the U.S. today (EPA, 1996). Eutrophication restricts water use for fisheries,
recreation, and industry due to the increased growth of undesirable algae and
aquatic weeds and oxygen shortages caused by their death and decomposition.
Also, many drinking water supplies throughout the world experience periodic
massive surface blooms of cyanobacteria, which contribute to summer fish kills,
unpalatability of drinking water, and formation of carcinogens during water chlo-
rination (Kotak et al., 1993; Palmstrom et al., 1988).

Although concern over eutrophication is not new, there has been a profound
shift in our understanding of, and focus on, sources of P in U.S. water bodies.
Since the late 1960s, the relative contributions of P to U.S. water bodies from point
sources and non-point sources has changed dramatically. Great strides have been
made in the control of point source discharges of P, such as the reduction of P in
sewage treatment plant effluent. These improvements have been due, in part, to
the ease in identifying point sources. Non-point sources of P have been primarily
ignored, greatly due to the difficulty in their identification and control (Carpenter
et al., 1998). Thus, control of non-point sources of P is a major hurdle to protect-
ing fresh water bodies from eutrophication.

While a variety of non-point sources, ranging from suburban lawns to con-
struction sites to golf courses, contribute P to U.S. water bodies, agriculture, par-
ticularly intensive livestock agriculture, is one of the most pervasive sources of P
found in U.S. surface waters (USGS, 1999). Today’s problem may be attributed to
the evolution of agricultural systems from net sinks of P (i.e., deficits of P limit
crop production) to net sources of P (i.e., soil P levels exceed crop requirements
and are available to transport pathways such as surface runoff and erosion). Spe-
cifically, farming system changes have resulted in the export of P from some crop
producing areas and the import of P into intensive livestock producing areas.

This paper examines factors affecting the potential for agricultural P loss
and outlines management options that can be directed at controlling nonpoint
sources of agricultural P. Best management practices that address the two factors
affecting potential for agricultural P loss, source factors and transport factors, are
presented.
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THE EVOLUTION OF AGRICULTURE
FROM P SINK TO P SOURCE

Before World War II, farming communities tended to be self-sufficient in
that they produced enough feed locally to meet livestock requirements and could
recycle the manure nutrients effectively to meet crop needs. As a result, sustain-
able nutrient cycles tended to exist in relatively localized areas. After World
War II, farming systems became more specialized with crop and livestock opera-
tions in different regions of the country. This has resulted in a major one-way
transfer of P from grain-producing areas to animal-producing areas (Lanyon,
2000; Sharpley et al., 1998b; Sims, 1997).

In many states, animal feeding operations (AFOs) are now the major source
of agricultural income. Over the last 10 years, cattle, pig, and poultry numbers
have increased 10 to 30%, while the number of farms has decreased 40 to 70%
(Gardner, 1998). This intensification has been driven by an increased demand for
animal products and an improved profitability associated with economies of scale.
Intensification has also created regional and local imbalances in P inputs and out-
puts. On average, only 30% of the fertilizer and feed P input to farming systems
is output in crops and livestock produce (National Research Council, 1993).

Most P entering intensive livestock operations is applied to soil. Animal
manure can be a valuable resource for improving soil structure and increasing
vegetative cover, thereby reducing surface runoff and erosion potential. The con-
tinual long-term application of manure at levels exceeding crop needs increases
soil P levels. In many areas of intensive confined livestock production, manures
are normally applied at rates designed to meet crop N requirements and to avoid
groundwater quality problems created by leaching of excess N. This often results
in a build up of soil test P above amounts sufficient for optimal crop yields, which
can increase the potential for P loss in runoff as well as in leachate (Haygarth
et al., 1998; Sharpley et al., 1996a; Heckrath et al., 1995).

PROCESSES AND PATHWAYS OF AGRICULTURAL P LOSS

Phosphorus is transferred from agricultural lands to water by surface runoff
and leaching. The loss of P in agricultural runoff occurs in sediment-bound and
dissolved forms. Sediment P includes P associated with soil particles and organic
material eroded during flow events and is the main form of P in surface runoff
from most cultivated land (Sharpley et al., 1992). Surface runoff from grass, for-
est, or uncultivated soils carries little sediment and is, therefore, generally domi-
nated by dissolved P. In most cases, the concentration of P in water percolating
through the soil profile is small due to fixation of P by P-deficient subsoils. Ex-
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ceptions occur in sandy, acid organic, or organic soils, with low P fixation or
holding capacities and in soils where the preferential flow of water can occur
rapidly through macropores and earthworm holes (Heckrath et al., 1995; Sharpley
and Syers, 1979).

Phosphorus export is generally restricted to limited areas within a water-
shed. These ‘‘critical source areas’’ occur when source factors and transport
factors converge to favor P loss. Source factors govern the availability of P to
transport factors, which in turn control P transfer from land to water. Critical
source areas vary rapidly in time, expanding and contracting quickly during a
storm as a function of rainfall intensity and duration, antecedent moisture condi-
tions, temperature, soils, topography, ground water, and moisture status over a
watershed. Thus consideration of how much P is brought into a watershed and
land applied, along with the dominant pathways of water movement, are critical
to the development of effective and remedial measures.

REMEDIAL MEASURES

The overall goal of our efforts to reduce P losses from agriculture to water
should be to increase P use-efficiency, by attempting to balance P inputs in feed
and fertilizer into a watershed with outputs in crop and livestock produce, together
with managing the level of P in the soil. Reducing P loss in agricultural runoff
may be brought about by source and transport control strategies (Table 1). We
have generally been able to reduce the transport of P from agricultural land in
erosion. However, much less attention has been directed toward source manage-
ment and the control of dissolved P losses in surface runoff. Strategies for source
and transport management are described below, and an explanation is given of
how strategies can be targeted to critical source areas.

Source Management

Source management attempts to minimize the buildup of P in the soil above
levels sufficient for optimum crop growth, by regulating P at the farm gate, con-
trolling the quantity of P in manure, and controlling the amount of P that is applied
in a localized area.

Farm Gate P Management

Addressing farm gate imbalances of P is fundamental to reducing non-point
source P loss. Manipulation of dietary P intake by animals may help reduced P
inputs as feed; often the major cause of P surplus. Phosphorus intake above mini-
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mum dietary requirements established by National Research Council (1989) does
not appear to confer any growth or health advantages and actually reduces profit-
ability through increased feed costs (Knowlton and Kohn, 1999). Carefully match-
ing dietary P inputs to livestock requirements can reduce the amounts of P ex-
creted by animals (Morse et al., 1992) and hence the amount of P applied to land
in manure.

At present, manure is rarely transported more than 10 miles from where it
is produced, severely restricting disposal options. As a result, manure is often
applied to soils with sufficient nutrients to support crop growth. Mechanisms need
to be established to facilitate movement of manure from surplus to deficit areas.
However, it must be shown that the recipient farms are more suitable for manure
application than manure-rich farms. For instance, such transport may be a short-
term alternative if N-based management is used to apply the transported manure.
If this happens, soil P in areas receiving manure may eventually reach excessive
levels.

A variety of programs currently exist to improve placement of manure
across farm boundaries. In an increasing number of states, extension and local
trade organizations have established ‘‘manure bank’’ networks that puts manure-
needy farmers in contact with manure-rich growers. Even so, these networks are
generally small. Large scale transportation of manure from producing to non-
manure producing areas is not occurring, largely due to concern that avian dis-
eases will be transferred from one farm (or region) to another. Thus, biosecurity
must be ensured for any manure transportation network that is developed.

Composting may also be considered as a management tool to improve ma-
nure distribution. Although composting tends to increase the P concentration of
manure, the volume is reduced and thus, transportation costs are reduced. Addi-
tional markets may also become available for composted materials. Composting
makes manure more uniform in its physical and chemical properties and therefore
able to be spread more evenly and at more accurate rates.

There is interest in using some manure as sources of ‘‘bioenergy.’’ For ex-
ample, dried poultry litter can be burned directly or converted by pyrolytic meth-
ods into oils suitable for use to generate electric power. Liquid wastes can be
digested anaerobically to produce methane which can be used for heat and energy.
As the value of clean water and cost of sustainable manure management is real-
ized, it is expected that alternative entrepreneurial uses for manure will be devel-
oped, become more cost-effective, and thus, create expanding markets.

Manure P Management

A significant amount of the P in grain is in phytate, a form of P that cannot
be digested by monogastric animals such as pigs and chickens. As a result, it is
common to supplement feed with mineral forms of P. This supplementation con-
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tributes to P enrichment of manures and litters. Enzymes such as phytase, which
break down phytate into forms available to monogastric animals, can be added to
feed to increase the efficiency of grain P absorption by pigs and poultry. Such
enzymes reduce the need for P supplements in feed and potentially reduce the P
content of manure. Also, corn hybrids are available which contain low amounts
of indigestible phytate P. Pigs and chickens fed ‘‘low-phytic acid’’ corn grain ex-
creted less P in manure than those fed conventional corn varieties (Ertl et al.,
1998).

Commercially available manure amendments, such as slaked lime or alum,
are used to reduce ammonia (NH3) volatilization, leading to improved animal
health and weight gains. Coincidentally, these amendments can also reduce the
solubility of P in poultry litter by several orders of magnitude, and decrease dis-
solved P concentrations in surface runoff (Moore et al., 2000; Shreve et al., 1995).
Perhaps the most important benefit of manure amendments for both air and water
quality would be an increase in the N:P ratio of manure, via reduced N loss be-
cause of NH3 volatilization. An increased N:P ratio of manure would more
closely match crop N and P requirements.

Managing P Applications to Soil

The rate, method, and timing of P application can be managed to minimize
the potential for P loss in runoff (Sharpley et al., 1998b; Withers and Jarvis, 1998).
As might be expected, P loss in runoff increases with greater applications of P as
fertilizer or manure (Edwards and Daniel, 1993; McDowell and McGregor, 1984).
Although rainfall intensity and duration influence the concentration and overall
loss of manure N and P in runoff, the relationship between potential loss and
application rate is critical to establishing environmentally-sound manure manage-
ment guidelines, as discussed in a later section. Incorporation of manure into the
soil profile either by tillage or subsurface placement, reduces the potential for P
loss in runoff. Mueller et al. (1984) showed incorporation of dairy manure by
chisel plowing reduced total P loss in runoff from corn 20-fold, compared to no-
till areas receiving surface applications. In fact, P loss in runoff was decreased by
a lower concentration of P at the soil surface and a reduction in runoff with incor-
poration of manure (Mueller et al., 1984; Pote et al., 1996).

As the major portion of annual P loss in runoff generally occurs during one
or two intense storms (Edwards and Owens, 1991; Smith et al., 1991), avoiding P
applications during periods of the year when intense storms are likely would re-
duce the potential for loss. Also, an increase in the length of time between apply-
ing manure and a rainfall /runoff event will reduce P transport in runoff (Sharpley,
1997; Westerman and Overcash, 1980). Although these measures may reduce the
risk for P loss in runoff, they are often not practical for a farmer to implement. For
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example, subsurface injection or incorporation in rocky soils may be difficult, and
without manure storage, farmers who contract out the cleaning of poultry houses
will have little flexibility of when manure or litter is applied.

As we move from agronomic to environmental concerns with soils con-
taining P levels in excess of crop requirements, soil P testing is beginning to be
used to indicate when P enrichment of runoff may become unacceptable. As these
and other P-based recommendations expand, much attention has focused on the
paucity of soil-specific data linking soil P with the potential for P loss (Sharpley
et al., 1999).

Given the absence of such data, a common approach has been to adopt ag-
ronomic soil P standards, following the rationale that soil P in excess of crop
requirements is vulnerable to removal by surface runoff or leaching. Since agro-
nomic standards already exist for soil test P, this approach requires little invest-
ment in research and can be readily implemented. However, we must be careful
how we interpret soil test results for environmental purposes (Fig. 1). Interpreta-
tions given on soil test reports (i.e., low, medium, optimum, high, etc.) were estab-
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Figure 1. As soil P increases so does crop yield and the potential for P loss in surface
runoff. The interval between the critical soil P value for yield and runoff P will be important
for P management.
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lished based on the expected response of a crop to P and not on soil P release to
surface or subsurface runoff (Sharpley et al., 1996a). Some would simply extend
the levels used for interpretation for crop response and say a soil test that is above
the level where a crop response is expected is in excess of crop needs and therefore
is potentially polluting (Fig. 1). But, it cannot be assumed that there is a direct
relationship between the soil test calibration for crop response to P and runoff
enrichment potential.

One environmental measure of soil P, developed in The Netherlands by
Breeuwsma and Silva (1992) to assess P leaching potential, is soil P saturation
(percent saturation � available P / P fixation maximum). The role of soil P satu-
ration as an indicator of P loss potential derives from the observation that soil P
saturation is strongly correlated to P desorption, such that P desorption increases
at higher degrees of soil P saturation (Sibbeson and Sharpley, 1997). Indeed, many
studies have correlated soil P saturation with P in runoff (Sharpley, 1995; Pote
et al., 1996; 1999), as well as with P in leachate (Hesketh and Brookes, 2000). In
The Netherlands, a threshold soil P saturation of 25% has been established above
which the potential for P movement in surface and ground waters becomes un-
acceptable (Breeuwsma and Silva, 1992).

A variety of soil extracts have been evaluated as indicators of P loss poten-
tial by relating extract P to P in surface runoff or subsurface leachate. Ryden and
Syers (1975) stated that to establish the relationship between P additions, fertilizer
additions and P in particulate or aqueous phases of runoff, a desorption or ‘‘sup-
port medium should reflect the cation status as well as the ionic strength of the
aqueous phase of the system.’’ With the possible exception of macropore flow, the
longer residence time of subsurface flow in soil, implies that a soil extractant of
higher ionic strength is required than for surface runoff. Soil extractions with wa-
ter and 0.01M CaCl2 have shown promise in estimating the dissolved P concentra-
tions of surface runoff and subsurface leachate, respectively (Fig. 2) (McDowell
and Sharpley, 1999; McDowell and Condron, 1999). Using these desorption ap-
proaches in conjunction with Fe-oxide strips and gels, we can determine the quan-
tity of desorbable P in runoff or soils in the medium- and long-term (Sharpley,
1993; Freese et al., 1995).

Analysis of soil P data for environmental purposes represents an important
step in the development of recommendations for farmers and policy makers. One
innovative environmental approach to data analysis uses a split-line model to de-
termine a soil P threshold or ‘‘change point,’’ that separates the relationship be-
tween soil P and dissolved P in runoff into two sections, one with greater P loss
per unit increase in soil P concentration or percent saturation than the other (Heck-
rath et al., 1995; Hesketh and Brookes, 2000; McDowell and Condron, 1999).
McDowell and Sharpley (1999) showed that a similar change point occurred
between soil test P (Mehlich-3 P) concentrations of the 0 –5 cm soil layer and
dissolved P in either surface or sub-surface runoff (Fig. 3). The change point
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Figure 2. Relationship between the concentration of dissolved P in surface runoff and
subsurface drainage from 30 cm deep lysimeters and the water and CaCl2 extractable soil
P concentration, respectively of surface soil (0 –5 cm) from a central PA watershed
(adapted from McDowell and Sharpley, 1999 and Sharpley et al., 1999).
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Figure 3. Relationship between the concentration of dissolved P in surface runoff and
subsurface drainage from 30 cm deep lysimeters and the Mehlich-3 extractable soil P con-
centration of surface soil (0 –5 cm) from a central PA watershed (adapted from McDowell
and Sharpley, 1999 and Sharpley et al., 1999).
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identifies a threshold soil P level above which the potential for P loss may be
greater than below it.

Given the relationship between soil P and runoff/leachate P, a variety of
management options that reduce either soil P or soluble P alone have been ex-
amined. Stout et al. (1998) determined that gypsum produced as a coal combus-
tion by-product reduces P solubility in soil without significantly reducing plant-
available P. Elsewhere, Sharpley (1999) determined that deep tillage can reduce
soil test P by as much as 65%. While such options do address the proximate con-
cern of excessive soil P levels, they should not be seen as solutions to the greater
problem of over-application of P to soils. Furthermore, in the case of deep tillage,
the trade-off between reduced soil test P levels and increased susceptibility to
erosion must be considered.

Transport Management

Transport management refers to efforts to control the movement of P from
soils to sensitive locations, such as bodies of fresh water. Phosphorus loss via
surface runoff and erosion may be reduced by conservation tillage and crop resi-
due management, buffer strips, riparian zones, terracing, contour tillage, cover
crops, and impoundments (e.g., settling basins). Basically, these practices reduce
rainfall impact on the soil surface, reduce runoff volume and velocity, and increase
soil resistance to erosion. Conversion from furrow irrigation to sprinkler to drip
irrigation significantly reduces irrigation erosion and runoff. Furrow treatments,
such as straw mulching, and use of polyacrylamides will also reduce in-furrow
soil movement (Lentz et al., 1998).

As well as reducing P export, riparian areas can increase wildlife diversity
and numbers and aquatic habitat. In addition to acting as physical buffers to sedi-
ment-bound nutrients, plant uptake captures P, resulting in a short-term accumu-
lation of nutrients in non-woody biomass as well as a long-term accumulation in
woody biomass (Groffman et al., 1992; Lowrance et al., 1985; Peterjohn and Cor-
rell, 1984). However, the effectiveness of riparian areas as nutrient buffers can
vary significantly. For instance, the route and depth of subsurface water flow paths
though riparian areas can influence nutrient retention. Riparian zones are most
efficient when sheet flow occurs, rather than channelized flow, which will bypass
retention mechanism. Thus these areas must be carefully managed to realize their
full retention and filtration capabilities.

Despite these advantages, any one of these measures should not be relied
upon as the sole or primary means of reducing P losses in agricultural runoff.
These measures are generally more efficient at reducing sediment P than dissolved
P. Also, P stored in stream and lake sediments can provide a long-term source
of P in waters even after inputs from agriculture have been reduced (Gray and
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Kirkland, 1986; Young and DePinto, 1982). As a result, the effect of remedial
measures in the contributing watershed may be slow, emphasizing the need for
immediate action to avoid prolonging water quality problems.

Targeting Management to Address Transport Potential

Critical soil P levels are being proposed to guide P management recommen-
dations, examples of which are given by Sharpley and Tunney (2000). In most
cases, agencies proposing these limits seek to uniformly apply them to areas and
states under their jurisdiction. However, critical soil P levels, and for that matter,
source values alone, provide an incomplete perspective of P loss potential and are
therefore too limited to be the sole criterion to guide P management and P appli-
cations. For example, adjacent fields with similar soil test P levels but differing
susceptibilities to surface runoff and erosion due to topographic and hydrologic
variables will have different potentials for P loss and should not face similar re-
strictions on P use and management. The potential for such discrepancies is high-
lighted by the observation that most of the P exported (�75%) from many agri-
cultural watersheds comes from a small definable part of the landscape (�20% of
land area), during a few storm events (Gburek and Sharpley, 1998). Therefore,
critical soil P levels alone have little meaning vis a vis P loss potential unless they
are used in conjunction with an estimate of potential surface runoff, erosion, and
leaching.

Preventing P loss is now taking on the added dimension of defining, target-
ing, and remediating critical source-areas of P (i.e., areas where high soil P levels
coincide with high surface runoff and erosion potentials). This approach enables
P management to be conducted at multi-field or watershed scales, focusing on
problem areas, and allowing for status quo management in areas of low P loss
potential. Conventionally-applied remediations may not produce the desired re-
sults and may prove to be an inefficient and poor cost-effective approach to the
problem if this source-area perspective to target application of P fertility, surface
runoff, and erosion control technology is not used.

A simple site assessment index for P (the P index) was developed by USDA-
NRCS, in cooperation with several research scientists, to rank the vulnerability of
fields as sources of P loss in surface runoff (Gburek et al., 2000; Lemunyon and
Gilbert, 1993; Sharpley et al., 1998a). The index accounts for and ranks transport
and source factors controlling P loss in surface runoff and sites where the risk of
P movement is expected to be higher than that of others (Table 2). Site vulner-
ability to P loss in surface runoff is assessed by selecting rating values for indi-
vidual transport and source management factors from the P index (Table 2). A P
index value, representing cumulative site vulnerability to P loss, is obtained by
multiplying summed transport and source management factors (Table 3).
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The P index is intended to serve as a practical screening tool for use by
extension agents, watershed planners, and farmers. The index can also be used to
help identify agricultural areas or management practices that have the greatest
potential to accelerate eutrophication. As such, the P index will identify alterna-
tive management options available to land users, providing flexibility in develop-
ing remedial strategies. Some general recommendations are given in Table 4; how-
ever, P management is very site-specific and requires a well-planned, coordinated
effort between farmers, extension agronomists, and soil conservation specialists.

Integrating P and N Management

Farm N inputs are usually more easily balanced with plant uptake than are
P inputs, particularly where confined livestock operations exist. In the past, sepa-
rate strategies for either N or P have been developed and implemented at farm or
watershed scales. Because of different critical sources, pathways, and sinks con-
trolling P and N export from watersheds, remedial efforts directed at either P or N

MANAGEMENT OF AGRICULTURAL P 1087

Table 3. Worksheet and Generalized Interpretation of the P Index

To solve for P loss rating—add all numbers on Part A and all numbers on Part B. Write
these numbers on the worksheet. Multiply Part A � Part B. This is your final P loss
rating.

Part A Value:

Part B Value:

Multiply A � B � � P Loss Rating

P Index Generalized interpretation of the P index

�8 LOW potential for P loss. If current farming practices are maintained, there
is a low probability of adverse impacts on surface waters.

8–14 MEDIUM potential for P loss. The chance for adverse impacts on surface
waters exists, and some remediation should be taken to minimize the proba-
bility of P loss.

15–32 HIGH potential for P loss and adverse impacts on surface waters. Soil and
water conservation measures and a P management plan are needed to mini-
mize the probability of P loss.

�32 VERY HIGH potential for P loss and adverse impacts on surface waters. All
necessary soil and water conservation measures and a P management plan
must be implemented to minimize the P loss.
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control can negatively impact the other nutrient (Table 1). For example, basing
manure application on crop N requirements to minimize nitrate leaching to ground
water can increase soil P and enhance potential P losses (Sharpley et al., 1998b;
Sims, 1997). In contrast, reducing surface runoff losses of total P via conservation
tillage can enhance N leaching and even increase algal available P transport
(Sharpley and Smith, 1994).

These positive and negative impacts of conservation practices on N and P
loss potential should be considered in the development of sound remedial mea-
sures. Clearly, a technically sound framework must be developed that recognizes
critical sources of P and N export from agricultural watersheds so that optimal
strategies at farm and watersheds scales can be implemented to best manage both
P and N. One approach, explored by Heathwaite et al. (2000) and Sharpley et al.
(1998a), is to employ the P index to target P management on critical source areas
of P and assume N-based management on all other areas. With such an approach,
however, careful consideration must be given to the potential long-term conse-
quences of N management on P loss and vice versa.

IMPLEMENTING REMEDIAL MEASURES

Since the early 1980s, several studies have investigated the long-term (7 to
10 yr) effectiveness of BMPs to reduce P export from agricultural watersheds.
These studies quantified nutrient loss prior to and after BMP implementation or
attempted to use untreated watersheds as controls. Overall, these studies showed
that BMPs reduced P export from a variety of watersheds. For example, water
quality improvements have been demonstrated following BMP implementation in
several areas of the USA (USDA-ASCS, 1992; Bottcher and Tremwell, 1995;
Goldstein and Ritter, 1993; National Water Quality Evaluation Project, 1988;
Richards and Baker, 1993). With this experience, however, it is evident that sev-
eral factors are critical to effective BMP implementation. These factors include
targeting watersheds that will respond most effectively to BMPs, identifying criti-
cal source areas of nutrient export, and accounting for both watershed and estuary
response time and equilibration (capacity to buffer added P).

The time of watershed or estuary response to BMP implementation is par-
ticularly important for P, due to its long residence time in ecosystems, compared
to N. Studies have shown that even where P applications are stopped, elevated soil
P can take up to 20 years to decline to levels at which crops will respond to appli-
cations (McCollum, 1991). Also, internal recycling of P in estuarine sediments
can supply sufficient P to maintain eutrophic conditions in P-sensitive waters.
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Watershed Identification and Cost-Effectiveness

Marginal farm profits and cost share programs play an important role in
BMP implementation. With limited resources, it is necessary to select watersheds
that will either have the greatest impact on the water body of concern, or provide
the greatest reduction in P loss following remediation. Model simulation and field
studies have been used to determine the cost-effectiveness of several BMPs
(Table 5). The cost-effectiveness of BMPs is not universal and can vary by site or
region. When resources are limited, concerns for cost-effectiveness may outweigh
the absolute efficacy of individual BMPs. For instance, although riparian areas
and manure management (chemical amendments, storage, waste treatment, and
barnyard runoff control) can reduce runoff P more than tillage management, con-
servation tillage is often a more cost-effective measure and may be preferable.
Such an example emphasizes the need to determine the load reduction required
for a given watershed and water body prior to selecting appropriate BMPs.
Clearly, construction of terraces, which are initially expensive, may in some cases
be a viable option, especially when motivated by an imperative to cut P loss. Ul-
timately, careful selection and integration of different practices is necessary to
maximize beneficial impact and cost-effectiveness.

Analysis of cost-effectiveness can have important implications to formulat-
ing remediation strategies. For instance, Meals (1990) quantified the effect of sev-
eral manure BMPs on P export from two watersheds in the LaPlatte River Basins,
Vermont, draining into Lake Champlain. The BMPs included barnyard runoff
control, milkhouse waste treatment, and construction and use of manure storage

MANAGEMENT OF AGRICULTURAL P 1091

Table 5. Cost-Effectiveness of BMPs on Reducing P Losses from
Continuous Corn with a 5% Slope and 140 kg P ha�1 yr�1 Manure
Broadcast (Data Adapted from USDA-ASCS, 1992 and Heathman
et al., 1995)

Best Management Practice
P Loss

kg ha�1 yr�1

Cost-Effectiveness
$/kg P saved �1

None 10.0 —
Contour cropping 6.3 1.7
Terraces 3.2 4.7
Conservation tillage 3.9 0.8
Vegetative buffer areas† 2.5 1.1
Manure management 2.8 3.3
All BMPs 1.8 4.9

†Cost-effectiveness includes the cost of land taken out of
production.
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facilities (Table 6). Post BMP losses of P were lower than before BMPs. For both
watersheds, barnyard runoff control resulted in the greatest reduction in P export
and was the most cost-effective BMP (Table 6). Furthermore, if a choice had to be
made between which of the two watersheds in Table 6 were to be targeted, water-
shed 1 would have been selected given its better cost-effectiveness ratios.

Targeting Remedial Efforts Within a Watershed

Once an area has been selected for remediation, the next step is selection of
appropriate BMPs. For the example of the two watersheds in Table 6, the most
effective BMP installation priority would be barnyard runoff control, milkhouse
waste treatment, and animal waste storage facilities. Without careful prioritizing
and targeting of critical sources within a watershed, BMPs may not produce ex-
pected reductions in P export.

The importance of targeting BMPs within a watershed or basin is shown by
several studies in the Little Washita River watershed (54,000 ha) in central Okla-
homa (Sharpley and Smith, 1994). Nutrient export from two subwatersheds (2 and
5 ha) were measured from 1980 to 1994, while BMPs were installed on about 50%
of the main watershed. Practices included construction of flood control impound-
ments, eroding gully treatment, and conservation tillage. Following conversion of
conventional-till (moldboard and chisel plough) to no-till wheat in 1983, nitrogen
export was reduced 14.5 kg ha�1 yr�1 (3 fold) and P loss 2.9 kg ha�1 yr�1 (10 fold;
Fig. 4; Sharpley and Smith, 1994). A year later, eroding gullies were shaped and
an impoundment constructed in the other subwatershed, and P loss decreased dra-
matically (5 and 13 fold, respectively; Sharpley et al., 1996b). There was no effect
of BMP implementation, however, on P concentration in flow from the main Little
Washita River watershed (Fig. 4). Thus, a lack of effective targeting of BMPs and
control of major sources of P export in the Little Washita River watershed contrib-
uted to no consistent reduction in watershed export of P.
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Table 6. Cost-Effectiveness of Animal Waste Management BMPs in the LaPlatte River
Basin Project, Vermont, for 1980 to 1989 (Data Adapted from Meals, 1990)

Management

Catchment 1

P Reduction
kg

Effectiveness
$/kg P �1

Catchment 2

P Reduction
kg

Effectiveness
$/kg P �1

Barnyard runoff control 311 4 78 14
Milkhouse waste treatment 34 12 11 32
Waste storage facility 154 269 14 1963
Total 567 77 103 282
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Incentives for BMP Adoption

In order to initiate real and lasting changes in agricultural production, em-
phasis must be placed on consumer-based programs and education rather than
assuming that farmers will absorb the burden. Acceptance of BMPs will not be
easy. Because farmers’ decisions are generally shaped by regional and often
global economic pressures and constraints, which they have little or no control
over, there is often reluctance to adopt management practices that do not address
these concerns. Clearly, new ways of using incentives to help farmers implement
BMPs are needed. The challenge is to recognize how social policy and economic
factors influence the nutrient-management agenda.

Equally important is that everyone is affected by and can contribute to a
resolution of nutrient-related concerns. Rather than assume that inappropriate
farm management is responsible for today’s water quality problems, the underly-
ing causes of the symptoms must be addressed. As shown above, much of today’s
problems result from system level changes. The cause of today’s problems are
related to marketplace pressures, the breakdown and imbalances in global P cy-
cling, and economic survival of farms. Research is, thus, needed to develop pro-
grams that encourage farmer performance and stewardship to achieve previously

MANAGEMENT OF AGRICULTURAL P 1093

Figure 4. Annual P loss from the Little Washita River watershed and from two subwater-
sheds that were in grass with eroding gullies treated in 1984 and wheat converted from
conventional to no-till in 1983 (adapted fro Sharpley and Smith, 1994; Sharpley et al.,
1996b).
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agreed upon environmental goals. These programs should focus on public partici-
pation to resolve conflicts between economic production efficiency and water
quality.

In the U.S., there are numerous sources of technical assistance and financial
cost-share and loan programs to help defray the costs of constructing or imple-
menting practices that safeguard soil and water resources. Some of these sources
are Conservation Technical Assistance (CTA), Conservation Reserve Program
(CRP), Environmental Quality Incentives Program (EQIP), Special Water Quality
Incentives (SWQI), Wetlands Reserve Program (WRP), and Wildlife Habitat In-
centive Program (WHIP) (U.S. EPA, 1998). Elsewhere, watershed-based pro-
grams, such as the New York City Watershed Agriculture Program, have been
established to provide technical assistance and financial support to farmers par-
ticipating in water quality protection programs.

Stakeholder alliances encourage collaborative, rather than adversarial, rela-
tionships among concerned parties. Such alliances have been formed in response
to recent public health issues related to the nutrient enrichment of waters in the
eastern U.S. In the Chesapeake Bay, stakeholder alliances have developed among
state, federal, and local groups and the public to work together to identify critical
problems, focus resources, include watershed goals in planning, and implement
effective strategies to safeguard soil and water resources (Chesapeake Bay Pro-
gram, 1995; 1998). Similarly, in New York a Watershed Agriculture Council was
formed of farmers, civic leaders, and representatives from the New York City De-
partment of Environmental Protection to help guide management in the New York
City Watershed.

Another way of making some environmental programs more affordable is
to increase public awareness and involvement. In the northeast U.S. for example,
a multi-agency collaborative venture, called the Dairy Network Partnership, has
just released Chesapeake Milk in Fresh Fields Stores. For every half-gallon of
Chesapeake Milk sold, 2.5 cents will be returned to the certified Pennsylvania
dairy farmers to reward their high environmental standards. Another 2.5 cents will
be deposited into an Environmental Quality Initiative (EQI) that will provide a
cost-share for those farmers who want to install conservation practices to qualify
for the EQI program.

SUMMARY

The overall goal of efforts to reduce P loss from agriculture should be to bal-
ance farm gate P inputs in feed and fertilizer with outputs in products, while man-
aging soils in ways that maintain productivity. Source and transport control strate-
gies can provide the basis to increase P use-efficiency in agricultural systems.

Future advisory programs should reinforce the fact that not all fields con-
tribute equally to P export from watersheds. Most P export comes from only a

1094 SHARPLEY, KLEINMAN, AND MCDOWELL
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small portion of the watershed as a result of relatively few storms. Although soil
P content is important in determining the concentration of P in agricultural runoff,
surface runoff and erosion potential will often override soil P levels in determining
P export. If water or soil do not move from a field or below the root zone, then P
will not move. Clearly, management systems will be most effective if targeted to
the hydrologically active source areas in a watershed that operate during a few
major storms.

Manure management recommendations will have to account for site vulner-
ability to surface runoff and erosion, as well as soil P content, because not all soils
and fields have the same potential to transfer P to surface runoff and leaching. As
a result, threshold soil P levels should be used in conjunction with site manage-
ment and P transport potential.

Phosphorus applications at recommended rates can reduce P loss in agricul-
tural runoff via increased crop uptake and cover. It is of vital importance that we
implement management practices that minimize soil P buildup in excess of crop
requirements, reduce surface runoff and erosion, and improve our capability to
identify fields that are major sources of P loss to surface waters.

Overall;

• Management systems should attempt to balance P inputs and outputs at farm
and watershed scales.

• Source and transport controls should be targeted to identified critical source
areas of P export from watersheds.

• Threshold soil P levels that guide manure applications should be linked with
site vulnerability to P loss.

Consideration of all these factors will be needed to develop extension and
demonstration projects that educate farmers, the livestock industry, and the gen-
eral public as to what is actually involved in ensuring clean water. Hopefully, this
will help overcome the common misconception that diffuse or nonpoint sources
are too difficult, costly, or variable to control or target substantial reductions.

Efforts to implement defensible remedial strategies that minimize P loss
from agricultural land will require interdisciplinary research involving soil scien-
tists, hydrologists, agronomists, limnologists, and animal scientists. Development
of guidelines to implement such strategies will also require consideration of the
socio-economic and political impacts of any management changes on both rural
and urban communities and of the mechanisms by which change can be achieved
in a diverse and dispersed community of land users.
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