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1 Purpose and Overview
1.1 Need for an Agricultural Chapter

1.1.1 Purpose

Approximately 87,000 farm operations and 8.5 million acres of cropland, or nearly a quarter of
the watershed, in the Chesapeake Bay watershed provide food and fiber, as well as significant
natural areas and aesthetic and environmental benefits. Farms in the Chesapeake Bay
watershed are very diverse. They vary greatly in size and produce a wide variety of products.
Today, according to the U.S. Department of Agriculture (USDA), more than 50 commaodities are
produced in this region. The area’s primary crops include corn, soybeans, wheat, hay, pasture,
vegetables, and fruits. The eastern part of the region is also home to a rapidly expanding
nursery and greenhouse industry.

On federal lands in the Chesapeake Bay watershed, approximately 30,396 acres are managed
for agricultural production. Specifically

¢ National Park Service: 14,669 acres
e USDA: 7,000 acres'
o Department of Defense: 5,588 acres

e Fish and Wildlife Service: 1,259 acres

The purpose of this document is to present an overview of the practices and information
resources available for federal land managers and others to achieve water quality goals in the
most cost-effective and potentially successful manner, with the overall objective of improving
water quality, habitat, and the environmental and economic resources of the Chesapeake Bay
and its tributaries.

This chapter provides a host of practices and actions that can be employed to reduce the
loadings of nitrogen (N), phosphorus (P), and sediment from agricultural activities to local
waters and the Chesapeake Bay. This chapter focuses on nutrient management on cropland
and the prevention of soil erosion from cropland, and on nutrient management in the production

' USDA manages a number of large facilities in the Chesapeake Bay watershed. The Beltsville Agricultural Research
Center in Maryland is a leader in agricultural research and, at approximately 7,000 acres, serves as a laboratory for
state-of-the-art conservation practices. The National Arboretum in Washington, DC, managed by USDA’s Agricultural
Research Service, sits on more than 440 acres and is intensively managed for horticultural purposes. USDA
manages additional smaller sites around the watershed and provides technical assistance for agricultural practices on
small acreages of federal lands managed by other agencies.
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area of animal feeding operations (AFOs). It is important to note that planning and implementing
successful conservation or control measures depends on site-specific considerations and
information. Consequently, the practices and actions presented here are a general guide to
inform development of a more detailed plan or approach tailored to a specific facility, activity, or
location.

This chapter does not address the management of agricultural lands to protect and restore
water quality by reducing impacts from pesticides and from irrigation; for information on those
subjects, see the chapters devoted to those activities in the National Management Measures for
the Control of Nonpoint Pollution from Agriculture (USEPA 2003). This chapter does not
thoroughly cover losses of N to air, but it does provide some information on volatilization
controls. Finally, while recognizing the need to create new markets and alternative manure
uses, this chapter does not cover the emerging technologies and financial mechanisms that are
being developed to address those needs.

1.1.2 Intended Audience

The primary audience for this document is land managers in federal agencies who are
responsible for meeting water quality goals and implementing water quality programs on
agricultural land. In addition, state and local agencies may use this guidance in developing
Watershed Implementation Plans to meet water quality goals. Others who can benefit from the
information in this document include conservation districts; the agricultural services community;
farm owners, operators, and managers; local public officials responsible for land use and water
quality decision making; environmental and community organizations; and the business
community.

1.1.3 Water Quality Significance of Agricultural Runoff in the
Chesapeake Bay Watershed

Agriculture is the single largest source of nutrients and sediments to the Chesapeake Bay, and
according to the Chesapeake Bay model, it is responsible for approximately 43 percent of the N,
approximately 45 percent of the P, and approximately 60 percent of the sediment loads. Much
of that load is delivered from Pennsylvania (Susquehanna River), Virginia (Shenandoah and
Potomac rivers), and the Delmarva Peninsula of Maryland, Delaware, and Virginia. Chemical
fertilizer accounts for 17 percent of the N and 19 percent of the P load, and manure accounts for
19 percent of the N and 26 percent of the P load. Seven percent of the total nitrogen (TN) load
comes from air deposition from livestock and soil emissions from agriculture.

Implementing agricultural management practices might not provide nutrient load reductions to
the Chesapeake Bay as quickly as implementing actions by other sectors; however, reductions

2-4 Chapter 2. Agriculture



Guidance for Federal Land Management in the Chesapeake Bay Watershed

in agricultural loads are the most cost-effective means to restore the Bay over time. Excess N
from cropland is transported to the Bay via groundwater with a lag time of years or decades,
depending on the location in the watershed. Additionally, reductions in P loads from agricultural
lands might not be seen immediately after implementing P-control practices because of current
P saturation in cropland soils in areas with high animal densities. Protecting the Bay and its
watershed is costly and will require a variety of cost-share and economic support measures as
the next generation of tools and practices are expanded.

Historical Context of Agricultural Land in the Chesapeake Bay Watershed

Since European settlement, agriculture has played an important role in sustaining the people of
the Chesapeake Bay watershed. In the 1650s, the land was first broadly cleared for timber and
agriculture. The land was able to support the growing population and in the 1700s, as
agriculture expanded, the first signs of environmental degradation were noted. By the 1750s,
20 to 30 percent of the forested areas were stripped for settlement, and the shipping ports
began to fill with eroded sediment. By the 1800s, plows were used widely in agriculture,
beginning the widespread use of tillage, preventing reforestation and encouraging soil erosion.
In the first half of the 1800s, the Chesapeake and Delaware canal project encouraged even
broader expansion of agriculture. Half of the forests were cleared for agriculture and settlement,
wetlands were drained, and the first imported fertilizers (bird guano) were introduced from the
Caribbean and from nitrate (NO3) deposits on the northern Chilean coast.

Agriculture in the Chesapeake Bay Watershed Today

Immediately following World War II, chemical fertilizer use became widespread, and as
suburban expansion began in the 1950s, wetlands continued to be drained and filled. In the
1980s, nutrient management efforts began to take hold in agriculture, and in the 1990s,
Chesapeake Bay tributary strategies were put in place, setting goals for reductions of nutrient
and sediment loadings to the Bay. Today, for assessment purposes, the Bay and its tidal
tributaries are broken into 92 segments. The states have identified those segments as being
impaired because they do not meet water quality standards, and a total maximum daily load
(TMDL) will be prepared for each of the segments, collectively adding up to the Chesapeake
TMDL. A TMDL is a calculation of the maximum amount of a pollutant that the Bay can receive
and still safely meet water quality standards.

Approximately 25 percent of the land in the Chesapeake Bay watershed is used for agriculture.
Some practices used to maximize crop yields can cause deterioration in the quality of the Bay
and its watershed. Improperly applied fertilizers and pesticides can flow off the land and deliver
excess N, P, and chemicals to the Bay. The nutrients and bacteria in animal manure, which is
used for fertilizer, can seep into groundwater and run into waterways if managed improperly
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on site at an AFO or off-site on cropland or elsewhere. Poor tilling and irrigation practices can
promote erosion and can lead to additional sediment loads being delivered to waterbodies. The
outflow of the tile or the edge of drain creates a high potential for loss of streamside vegetation
and sediment scouring (see Chapters 5 and 7). Those practices can be improved, enhanced, or
modified as appropriate to reduce pollutant loads from agriculture throughout the Chesapeake
Bay watershed. Also, an imbalance of nutrients in the Chesapeake Bay watershed must be
addressed through agriculture.

1.1.4 Managing Agricultural Runoff to Reduce Nutrient and Sediment
Loss

Recommended Water Pollution Control Strategy: Implement Next
Generation of Tools and Actions

To reach the Bay goals, the Chesapeake Bay Executive Order calls for implementation of the
next generation of tools and actions (Chesapeake Bay Program Office 2010). While nutrient
management planning (NMP) has been a part of farm operations since the 1980s because of
state program requirements, this document presents a description of the next generation of
NMP based on state-of-the-art science and understanding of the farm landscape today. The
NMPs will provide a strong link between production, nutrient management on the land, and
water quality. The NMPs described in this document will enable producers to achieve their
expected yields and reduce waste of the valuable, finite resources of nutrients and sediments,
while reducing the losses of the nutrients and sediments to surface water that eventually enters
the Chesapeake Bay.

Although agriculture is a key part of the solution to the Chesapeake Bay restoration given the
magnitude of loads and the relative cost-effectiveness of practices, we must overcome
significant barriers to reach broad-scale implementation in agriculture. While the draft Executive
Order section 203 Federal Strategy notes that restoration of the Chesapeake Bay or its
watershed is not expected for many years, restoration will require a renewed commitment and
therefore actions taken throughout the agricultural landscape will need to become more
strategic, coordinated, and goal-oriented to meet the Bay goals (Federal Leadership Committee
2009).

The most significant improvement in agricultural production needed to restore the Chesapeake
Bay is to change how excess manure nutrients are handled. Therefore, the major focus of this
chapter is on nutrient management, accompanied by practices and actions for AFO production
areas as well as sediment and erosion control on cropland. The practices, taken together, can
greatly reduce the introduction of nutrients to the Chesapeake Bay.
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The most effective practices to reduce pollution inputs of nutrients to the Chesapeake Bay focus
around controlling the rate, timing, method and form of nutrient application. This guidance
presents the implementation measures component of NMPs that would maximize reductions by
agriculture. The current practices in the Chesapeake Bay watershed being reported by states
should be expanded. The Chesapeake Bay Program Office has compiled a great deal of
information on the effectiveness of those practices,
http://www.chesapeakebay.net/marylandbmp.aspx?menuitem=34449.

Achieving Multiple Benefits

The benefits and services provided by well-managed agriculture in the Chesapeake Bay
watershed are numerous and include sustained crop yields; restored waterbodies for drinking
water, recreational, and other beneficial uses; habitat benefits; a functioning ecosystem;
reduced vulnerability to invasive species; and a continued healthy and productive agricultural
economy in the Chesapeake Bay watershed. When effective land cover from agriculture occurs
year-round, those systems can store carbon and minimize soil erosion that fills local waters and
the Bay. A healthy agricultural network in the Bay watershed will provide for key connections
across the landscape for animals and birds, as well as reduce the watershed’s vulnerability to
flooding and the effects of climate change.

Readers of this chapter should also see Chapters 4 and 5 regarding Forestry and Riparian
Buffers. While this chapter focuses on source control and treatment options for cropland and
animal production areas in agriculture, it is essential that a holistic restoration of the
Chesapeake Bay watershed also achieve the benefits that can be reaped when all these
systems are operating together to serve the watershed.

1.2 Overview of the Agriculture Chapter

This chapter provides recommendations in the form of implementation measures for the suite of
practices that can be implemented on agricultural lands. While these recommendations are
made from state-of-the-art literature, the chapter expands on the National Management
Measures to Control Nonpoint Pollution from Agriculture (USEPA 2003).

Information on the effectiveness of practices included in this chapter is largely taken from
literature published after 2000 to build on the earlier literature that was used in developing the
National Management Measures to Control Nonpoint Pollution from Agriculture (USEPA 2003).
For some practices, however, the literature search went back further in time. This includes, for
example, drainage water management, a practice not addressed to a significant extent in EPA’s
2003 guidance. The bulk of literature used in this chapter comes from professional journal
publications (e.g., Journal of Environmental Quality), but information is also derived from
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government documents and resources (e.g., USDA conservation practice standards), books,
Cooperative Extension publications, proceedings from professional meetings, and online
publications by professional groups and industry. Most literature was found through keyword
searches of sources such as the National Agricultural Library Catalog and specific professional
journals. Literature specific to the Chesapeake Bay watershed states was given top priority, but
relevant literature from across the United States and from other countries was included to
provide as complete coverage as possible on each of the topics addressed in this chapter.

Practice cost data taken from the literature and other sources were converted to 2010 dollars
using the conversion factors provided by the U.S. Inflation Calculator (2010). Exceptions are
that cost data provided for fiscal year 2010 by states were not changed, and aggregate cost
data expressed over a range of years were not converted to 2010 dollars. Unless specified, the
year of publication was used as the initial year for conversion of dollars.

1.2.1 Management Practices and Management Practice Systems

To best plan and implement practices that will benefit water quality, producers should have in
place a conservation plan. A conservation plan based on an evaluation of the soil, water, air,
plant, and animal resources should present the practices, tools, and actions that will be used on
the agricultural land to benefit water quality. This plan outlines the management practices to be
implemented and maintained.

Management practices are implemented on agricultural lands for a variety of purposes,
including protecting water resources, human health, terrestrial or aquatic wildlife habitat, and
land from degradation by wind, salt, and toxic levels of metals. The primary focus of this
guidance is on agricultural management practices that reduce the delivery of pollutants into
water resources by reducing pollutant generation or by remediating or intercepting pollutants
before they enter water resources. This guidance generally refers to the term management
practice, and this encompasses all agricultural practices, including structural, cultural, and
traditional management practices.

The Natural Resources Conservation Service (NRCS) maintains a continuously updated
National Handbook of Conservation Practices (USDA-NRCS 2010d), which details nationally
accepted management practices. Those practices are on the USDA-NRCS Web site at
http://www.nrcs.usda.gov/technical/Standards/nhcp.html. Each state adopts and tailors those
standards to meet state and local conditions and criteria, and the state-adopted standards could
be more restrictive than the national criteria referenced in this guidance. In addition to the NRCS
standards, many states use locally determined management practices that are not reflected in
the NRCS handbook. Note that while a wide variety of practices are available, all require regular
inspection and maintenance to ensure continued performance at expected levels. Readers
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interested in obtaining information on management practices used in their area should contact
their local Soil and Water Conservation District or local USDA office. Two very helpful
handbooks are 60 Ways Farmers Can Protect Surface Water (Hirschi et al. 1997), and 50 Ways
Farmers Can Protect their Ground Water (Hirschi et al. 1993).

Management practices are used to control a pollutant type from specific land uses. For
example, conservation tillage is used to control erosion from irrigated or non-irrigated cropland.
Management practices can also provide secondary benefits by controlling other pollutants,
depending on how the pollutants are generated or transported. For example, practices that
reduce erosion and sediment delivery often reduce P losses because P is strongly adsorbed to
silt and clay particles. Thus, conservation tillage reduces erosion and reduces transport of
particulate P.

In some cases, a management practice can provide environmental benefits beyond those linked
to water quality. For example, riparian buffers, which reduce P and sediment delivery to
waterbodies, can also serve as habitat for many species of birds and plants where the design
and width provide for this use.

Sometimes, however, management practices used to control one pollutant might inadvertently
increase the generation, transport, or delivery of another pollutant; management practices
should be implemented through a systems approach to ensure balance. Conservation tillage,
because it creates increased soil porosity (i.e., large pore spaces), can increase water transport
through the soil. Without crop growth and the associated root system that would take up
available N, increased water transport through the soil can also lead to increased N leaching
particularly where fertilizer N is applied not as part of the management plan that accounts for the
timing and amount of crop N needs. Tile drains, used to reduce surface runoff and increase soil
drainage, can also have the undesirable effect of concentrating and delivering N directly to
streams (Hirschi et al. 1997). To reduce the N pollution caused by tile drains, other
management practices, such as nutrient management for source reduction, cover crops and
biofilters that treat the outflow of the tile drains, might be needed. On the other hand, practices
that reduce runoff might contribute to reduced in-stream flows, which have the potential to
adversely affect habitat. Therefore, management practices should be chosen only in the context
of a holistic evaluation of both the benefits and potential adverse effects of the suite of practices,
or management system, to be implemented at a site.

Some management practice systems include both repetitive treatment by the same practice at
different places in a field as well as diversification of practices to enhance all the benefits of
each. An example of such a system is an animal waste management system in which some
components are included to help others function. For example, diversions and subsurface
drains might be necessary to convey runoff and wastes to a waste treatment lagoon for
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treatment. While the diversions and subsurface drains might not provide any measurable
pollution control of their own, they are essential to the overall performance of the animal waste
management system. Other components, such as lagoons and waste utilization plans, are
added to provide repetitive treatment.

Note on Practice Effectiveness: The effectiveness of any management practice is a function of a
variety of factors including the characteristics of the baseline condition (e.g., influent water
quality, soil nutrient levels, and current management practices), slope, soil type, climate, crops,
and weather conditions during the study. Further, the monitoring and assessment approach
used in a study imparts significant limitations to interpreting the findings. For example, inflow-
outflow studies can be used to assess pollutant removal but only if the outflow and inflow
measurements pertain to the same parcel of water. Load and concentration reductions have
different meanings and utility, and it is particularly important to have full understanding of the
comparison or benchmark against which the reduction is measured. This chapter's summary of
literature findings on the effectiveness of agricultural management practices and systems must
be interpreted carefully, and EPA strongly recommends that the reader review full reports before
applying the findings to any specific situation, because the information presented represents
general examples applicable to the site and situation studied and the effects of conservation
tools and approaches applied depends on a number of variables site specific to the farm
operation.

This chapter is divided into three sections regarding specific control options. Three types of
practices are necessary in agricultural production to control nutrients and sediments; through
these types of practices, the path of nutrients and sediment can be controlled. These three
types avoid, control, and trap pollutants (ACT), and practices that suit each should be
implemented in agricultural production.

o Section 2: Nutrient and sediment source control and avoidance from cropland and
animal production areas

e Section 3: Cropland in-field controls

e Section 4: Cropland edge-of-field trapping and treatment

This guidance separately discusses source control and avoidance practices for the two critical
topics of cropland agriculture and animal agriculture. However, the link between ensuring
adequate storage and developing appropriate land application practices is one of the most
critical considerations in successfully developing and implementing a site-specific nutrient
management plan for manure, litter and process wastewater on animal agriculture operations
that rely on cropland agriculture. Therefore, while the specific management practices are
separately discussed in this guidance, it should be understood that those two aspects of
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agriculture are intricately linked and must be implemented through a systems approach to
ensure a reduction in nutrient delivery to the Bay watershed.

Controlling the sources of nutrients and sediment entering the Chesapeake Bay through a
variety of approaches at the field or production area, farm, and watershed scale will minimize
the pollutants available throughout the agricultural operation. Source control and avoidance
pertains to a crop’s ability to use the nutrients available throughout the growing season,
cropping cycles, feed management, manure management, and chemical fertilizer management.
Source control approaches for cropland carefully evaluate the proper rate, timing, method, and
form of nutrient application.

The cropland in-field controls focus on nutrient and sediment controls throughout the field itself.
In-field practices will impede the transport or delivery (or both) of pollutants, either by reducing
water transported, and thus the amount of the pollutant transported, or by transforming the
pollutant into less harmful forms into the soil or atmosphere.

Wetlands, drainage water management, and buffers and setbacks are examples of important
edge-of-field or end-of-pipe measures to prevent nutrient loads to the Chesapeake Bay.

This chapter presents a set of implementation measures that are organized by the pathway in
which nutrient and sediment controls can be implemented. While the implementation measures
are discussed independently from one other, they are intended to be implemented together as a
comprehensive management system. The implementation measures are organized into the
three components of source control and avoidance, in-field control, and edge-of-field trapping
and treatment. The specific set of practices to be chosen by an agricultural producer to achieve
pollutant reductions will necessarily be tailored as appropriate on the basis of a variety of factors
related to the landscape, agricultural operation, and other similar factors; the practices chosen
should link controls at the source, in the field, and at the edge of the field.
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1.2.2 Implementation Measures for Agriculture in the Chesapeake
Bay Watershed to Control Nonpoint Source Nutrient and
Sediment Pollution

Source Control and Avoidance

Cropland Agriculture

Implementation Measures:
A-1. Base P application on P saturation in soils as follows:

e If the soil P saturation percentage is above 20 percent, do not apply
manure or commercial fertilizer that contains P to cropland, grazing or
pasture land.

e When soil P saturation percentage allows for application (i.e., is below
20 percent saturation), apply up to an N-based rate.

e Also, implement a soil P monitoring plan to ensure that soil-P levels are
staying steady over time.

e If soil P saturation percentage is increasing, adjust manure applications
to P-based rate and use commercial N fertilizer to make up the
difference; if levels exceed 20 percent P saturation, no longer apply P.

A-2. Maximize N fertilizer use efficiency to maximize the net benefit from the
lowest-needed amount of manure, biosolids, or commercial N fertilizer
entering the cropland system. Whenever N fertilizer is applied where
manure has already been applied, reduce N fertilizer rates according to the
N credit of the manure that was applied. That N credit will vary depending
on the amount, timing, type, and method of manure that was applied.

A-3. Replace high nutrient loading crops in high-risk areas for water quality
effects with sound alternatives.

A-4. (1) Retire highly erodible lands (HELSs) from cropland and replace the crop
with perennial native vegetation, or (2) develop and implement a soil
conservation plan to reduce sheet and rill erosion to the Soil Loss Tolerance
Level (T) as well as a nutrient management plan.

A-5.  When using commercial fertilizer, give credit for manure nutrients. When
commercial fertilizer is used, provide for the proper storage, calibration, and
operation of chemical fertilizer nutrient application equipment.
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Animal Agriculture

Implementation Measures:

A-6.

A-7.

A-9.

Formulate animal feeds to reduce nutrient concentration in manure,
improve the manure N:P ratio in relation to crop needs, and/or eliminate
toxic substances such as arsenic in manure used as fertilizer. Align the N:P
ratio of the manure to be equal to (or greater than) the N:P ratio of the crop
need.

Safely and strategically apply (with properly calibrated equipment), store,
and transport manure.

e Liquid manure storage systems including tanks, ponds, and lagoons
(e.g., NRCS Practice Code 313 Waste Storage Facility) should be designed
and operated to safely store the entire quantity and contents of animal
manure and wastewater generated, contaminated runoff from the
facility, and the direct precipitation from events in the geographic area,
including chronic rain.

e Dry manure (i.e., stackable, greater than or equal to 20 percent dry
matter), such as that produced in poultry and certain cattle operations,
should be stored in production buildings, storage facilities, or otherwise
covered to prevent precipitation from coming into direct contact with the
manure and to prevent the occurrence of contaminated runoff. When
necessary, temporary field storage of dry manure (e.g., poultry litter)
may be possible under protective guidelines (e.g., NRCS Practice Code
633 Waste Utilization).

e For manure and litter storage, the AFO should maintain sufficient
storage capacity for minimum critical storage period consistent with
planned utilization rates or utilization practices and schedule.

Exclude livestock from streams and streambanks and provide alternative
watering facilities and stream crossings to reduce nutrient inputs,
streambank erosion, and sediment inputs and to improve animal health.

Process/treat through physical, chemical, and biological processes facility
wastewater and animal wastes to reduce as much as practicable the volume
of manure and loss of nutrients.
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Cropland In-Field Control

Implementation Measures:

A-10. Manage nutrient applications to cropland to minimize nutrients available for
runoff. In doing so

e Apply manure and chemical fertilizer during the growing season only

e Do not apply any manure or fertilizer to saturated, snow-covered, or
frozen ground

e Inject or otherwise incorporate manure or organic fertilizer to minimize
the available dissolved P and volatilized N

e Apply nutrients to HELs only as directed by the nutrient management
plan, while at the same time implementing all aspects of the soil
conservation plan

A-11. Use soil amendments such as alum, gypsum, or water treatment residuals
(WTR) to increase P adsorption capacity of soils, reduce desorption of water-
soluble P, and decrease P concentration in runoff.

A-12. Use conservation tillage or continuous no-till on cropland to reduce soil
erosion and sediment loads except on those lands that have no erosion or
sediment loss.

A-13. Use the most suitable cover crops to scavenge excess nutrients and prevent
erosion at the site on acres that have received any manure or chemical
fertilizer application. Cover crops should be used during a non-growing
season (including winters) or when there is bare soil in a field.

A-14. Minimize nutrient and soil loss from pasture land by maintaining uniform
livestock distribution, keeping livestock away from riparian areas, and
managing stocking rates and vegetation to prevent pollutant losses through
erosion and runoff.

A-15. Where drainage is added to an agricultural field, design the system to
minimize the discharge of N.
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Cropland Edge-of-Field Trapping and Treatment

Implementation Measures:

A-16.

A-17.

A-18.

A-19.

A-20.

Establish manure and chemical fertilizer application buffers or minimum
setbacks from in-field ditches, intermittent streams, tributaries, surface
waters, open tile line intake structures, sinkholes, agricultural well heads, or
other conduits to surface waters.

Treat buffer or riparian soils with alum, WTR, gypsum, or other materials to
adsorb P before field runoff enters receiving waters.

Restore wetlands and riparian areas from adverse effects. Maintain nonpoint
source abatement function while protecting other existing functions of the
wetlands and riparian areas such as vegetative composition and cover,
hydrology of surface water and groundwater, geochemistry of the substrate,
and species composition.

For both new and existing surface (ditch) and subsurface (pipe) drainage
systems, use controlled drainage, ditch management, and bioreactors as
necessary to minimize off-farm transport of nutrients.

Manage runoff from livestock production areas under grazing and pasture
to minimize off-farm transport of nutrients and sediment.
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2 Implementation Measures and Practices for
Source Control and Avoidance

2.1 Cropland Agriculture

2.1.1 Nutrient Imbalance in the Chesapeake Bay Watershed

In the Chesapeake Bay watershed, the overall delivery of agriculture-based nutrients to the Bay
needs to decrease significantly to protect the quality of the Chesapeake Bay. Unfortunately, a
significant nutrient imbalance exists in the Bay watershed. More P is produced and imported
into the watershed than is needed to fertilize crops, resulting in the imbalance and excess N and
P available for delivery to the Bay through surface and ground waters. Nationwide, 1997 USDA
estimates show that most U.S. counties (78 percent) need to move manure P from at least
some animal operations to avoid P accumulation. Also, 1997 USDA estimates show that poultry
operations account for two-thirds of N on farms and half of the excess P because generally,
poultry litter has a high P-content, and poultry operations have less land than other operations
for application. Dairy and hog operations also contribute to excess on-farm P. While manure as
fertilizer does provide benefits to the soil in the form of amendments and carbon, the controlled
use of manure is imperative to protecting water quality in the Bay watershed.

The Mid-Atlantic Water Program (MAWP), a consortium of land grant universities in the
Chesapeake Bay watershed, developed nutrient budgets and balances by county and state for
2007 (MAWP 2007). Nutrient budgets are, “a summary of the major nutrient inputs and outputs
to the cropland in a geographic region.” Nutrient balances are defined as “the difference
between nutrient inputs and outputs.” When the nutrient balance is close to zero, nutrients
applied from manure and commercial fertilizer are closely matched to crop use. When the
nutrient balance is positive, nutrient inputs exceed outputs and excess nutrients are available
that can reach the Bay. When the nutrient balance is negative, nutrient outputs exceed inputs.

The MAWP also developed maps, in which nutrient input equals the amount of manure and
fertilizer nutrient available for application, and nutrient output is determined by the amount of
nutrient taken up by the crop, measured in the plant biomass harvested. The maps do not
account for the level of nutrients that are already in the soil before application of additional
nutrient inputs and also do not account for the N and P chemical fertilizers that are applied to
crops annually; however, in places where there is a zero balance and it might seem that
nutrients are being appropriately managed, high soil nutrients are available in those areas that
could lead to nutrient loss to the Bay because P-saturation is not part of the consideration. The
analysis identifies three such hotspots in the Chesapeake Bay watershed: the Shenandoah
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River Valley in Virginia, the Eastern Shore of Maryland, and Lancaster County and surrounding
areas in Pennsylvania (Figures 2-1 and 2-2).

2007

N balance (tons)

[ 1(2445)-(51)
] (50)- 121
I 122- 592
I 593 - 1333
B 1334 - 27155

Source: MAWP 2007, Note: The darkest color indicates counties with the highest N balances.
Figure 2-1. The map shows the N balance for cropland in mid-Atlantic counties in 2007.
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P balance (tons)
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Source: MAWP 2007, Note: The darkest color indicates counties with the highest P balances.
Figure 2-2. The map shows the P balance for cropland in mid-Atlantic counties in 2007.
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Realistic production goals should guide nutrient rate reductions in agriculture and are critical for
reducing N and P export from agricultural lands and moving toward a nutrient-balanced
Chesapeake Bay watershed. The current model for nutrient use maximizes plant uptake by
saturating nutrients through application, especially for N; this should be adjusted to account for
non-optimum weather patterns. Because optimum weather conditions occur on average once
every 5 to 7 years, an excess of N and P is in the fields in most years (those with non-optimum
weather).

The following section details practices and actions that can minimize excess nutrients from
entering the agricultural production system and achieve a nutrient balance.

2.1.2 Nutrient Management

The management tools and practices in widespread use in the Chesapeake Bay watershed for
both organic (manure, sludge, and such) and inorganic (commercial fertilizer) nutrient
application are insufficient to prevent over-application and the resulting nutrient loading to the
Chesapeake Bay. However, NMP in line with those implementation measures, if broadly applied
in the watershed, will significantly reduce nutrients available as runoff into local waters and the
Chesapeake Bay. Controlling the rate of nutrient application is the first defense to limiting the
amount of nutrients that might be able to leave the land throughout the production process.

The goals of NMP are to apply nutrients at rates necessary to achieve realistic crop yields,
improve the timing of nutrient application, employ appropriate tools to determine application
rate, method and form (manure or inorganic), and to reduce the risks of nutrients moving from
the land and production area to local waters. When manure is the source of fertilizer, both the
nutrient value and the rate of availability of the nutrients should be determined. With commercial
fertilizer, that information is on the label. Where legume crops (e.g., soybeans) are planted, the
N contribution of the crop should be determined and credited to the following crop.

NMP is implemented to increase the efficiency with which crops use applied nutrients, thereby
reducing the amount available to be transported to both surface and ground waters. Controlling
nutrient inputs (source) by practicing effective nutrient management is imperative, and reducing
the nutrient inputs to the agricultural system will effectively minimize nutrient losses from
cropland occurring at the edge-of-field by runoff and by leaching from the root zone. Once N, P,
or other nutrients are applied to the soil, their movement is largely controlled by the movement
of soil and water and must therefore be managed through other control systems such as erosion
control and water management. That is usually achieved by developing a nutrient budget for the
crop, applying nutrients at the proper time with proper methods, applying only the types and
amounts of nutrients necessary to produce a crop, and considering the environmental hazards
of the site. In cases where manure is used as a nutrient source, manure storage will be needed
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to provide capability to apply manure at optimal times. Even with proper nutrient management,
rain can cause nutrients to move into waterways if the rain is heavy, frequent, or comes soon
after nutrient applications. Therefore, nutrient management needs to be supplemented with in-
field and edge-of-field controls.

In many instances, NMP results in using lower application rates of commercial fertilizer because
of the availability of manure nutrients and, therefore, a reduction in production costs. However,
the agriculture system in the watershed has a general imbalance of nutrients due to excess
manure generated annually by the combination of all AFOs in the watershed. Thus, for any
cropland where there has not been a balanced use of nutrients in the past, NMP should
incorporate the options for source control presented in this section—the reduction of nutrients
for input into the agricultural production system—to reduce the possibility of excess nutrients
being applied out of need to reduce capacity of manure.

Nutrient management planning should consider all aspects of the rate, timing, method, and form
of nutrients, consistently using the host of data available through effective use of nutrient use
tools. Nutrient management plans typically focus on N and P, the nutrients of greatest concern
for water quality, and it is important to consider all sources of those nutrients as input to the
agricultural system. The major sources of nutrients include the following:

e Commercial fertilizers

e Manures, sludges, and other organic materials
e Crop residues and legumes in rotation

e Irrigation water

e Atmospheric deposition of N

e Soil reserves

Good and strategic NMP can significantly reduce costs. For example, when manure is used, the
total cost of a nutrient management system are those costs associated with manure nutrient
application, plus the disposal of alternative use cost for manure that cannot be applied within a
reasonable local transport area, less the savings incurred by reduced commercial fertilizer.
Maximizing the nutrient use efficiency (NUE), the measure of how much crop is produced per
unit of nutrient supplied, should always be a part of NMP. A greater NUE of a crop leaves less N
and P available for transport to waterbodies. NUE consists of two main components:

e Crop removal efficiency or the removal of nutrient in a harvested crop as a percent of
nutrient applied to the crop (Mosier et al. 2004)

e The increase in residual nutrients available to the crop from the soil (Ladha et al. 2005)
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Because N and P behave very differently, basic understanding of how N and P are cycled in the
soil-crop system is an important foundation for effective nutrient management. The National
Management Measures to Control Nonpoint Pollution from Agriculture (USEPA 2003) is an
excellent source describing the technical details of each of the nutrient sources and cycles in
agriculture. Figures 2-3 and 2-4 depict the N and P cycles, respectively.
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Figure 2-3. The N cycle.
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Figure 2-4. The P cycle.

N is continually cycled among plants, soil organisms, soil organic matter, water, and the
atmosphere in a complex series of biochemical transformations. Some N forms are highly
mobile, while others are not. At any time, most of the N in the soil is held in soil organic matter
(decayed plant and animal tissue) and the soil humus. Regeneration processes slowly transform
the N in soil organic matter by microbial decomposition to ammonium ions (NH4+), releasing
them into the soil where they can be strongly adsorbed and kept relatively immobile. Plants can
use the ammonium, however, and it can be moved with sediment or suspended matter.
Nitrification by soil microorganisms transforms ammonium ions (either mineralized from soil
organic matter or added in fertilizer) to nitrite (NO,-) and then quickly to nitrate (NOj3-), which is
easily taken up by plant roots. NO3, the form of N most often associated with water quality
problems, is soluble and mobile in water. Plant uptake includes processes by which ammonium
and NOj ions are converted to organic-N, through uptake by plants or microorganisms, and by
binding with the soil. Denitrification converts NOj into nitrite (NO,) and then to nitrous oxide
(N2O) and gaseous N through microbial action in an anaerobic environment. Volatilization is the
loss of ammonia gas (NH;) to the atmosphere.

An N atom can pass through the cycle many times in the same field. The processes in the N
cycle can occur simultaneously and are controlled by soil organisms, temperature, and
availability of oxygen and carbon in the soil. The balance among the processes determines how
much N is available for plant growth and how much will be lost to groundwater, surface water, or
the atmosphere.

P lacks an atmospheric connection (although it can be transported via airborne soil particles)
and is much less subject to biological transformation, rendering the P cycle considerably
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simpler. Most of the P in soil occurs as a mixture of mineral and organic materials, and P exists
largely in a single valence state, unlike N. A large amount of P (50-75 percent) is held in soil
organic matter, which is slowly broken down by soil microorganisms. Some of the organic P is
released into soil solution as phosphate that is immediately available to plants. The phosphate
released by decomposition or added in fertilizers is strongly adsorbed to soil particles and is
rapidly converted into forms that are unavailable to plants. The equilibrium level of dissolved P
in the soil solution is controlled by the chemical environment of the soil (e.g., pH, oxidation-
reduction, iron and aluminum concentration) and by the P content of the soil. Plant-available P
is measured by varying methods, and this guidance references P measurements made with the
following extractable solutions: Mehlich 1, Mehlich 3, Bray 1, and modified Morgan.

Throughout the Chesapeake Bay watershed, those cycling processes are constantly occurring
throughout agricultural lands. To effectively plan, design, and implement controls, it is
imperative to understand these basic nutrient cycles.

Practice Costs

An analysis of the more than $3.5 billion spent toward nutrient controls in the Chesapeake Bay
watershed between 1985 and 1996 found that nutrient management (e.g., USDA-NRCS
Conservation Practice Code 590) was the least costly practice for nutrient control (Butt and Brown
2000). The estimated average unit cost in fiscal year (FY) 2010 for development and record
keeping for a comprehensive nutrient management plan in Virginia is $1,190 (USDA-NRCS 2010).

Phosphorus

Implementation Measure A-1:

Base P application on P saturation in soils as follows:
e If the soil P saturation percentage is above 20 percent, do not apply
manure or commercial fertilizer that contains P to cropland, grazing or
pasture land.

e When soil P saturation percentage allows for application (i.e., is below
20 percent saturation), apply up to an N-based rate.

e Also, implement a soil P monitoring plan to ensure that soil-P levels are
staying steady over time.

e If soil P saturation percentage is increasing, adjust manure applications
to P-based rate and use commercial N fertilizer to make up the
difference; if levels exceed 20 percent P saturation, no longer apply P.
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In the Chesapeake Bay watershed, where animal manure is a dominant and available source of
fertilizer, an overabundance of P exists, as described in Section 2.1.1.

Because P attaches to soil particles, P levels can build up in the soil, and the P saturation
(P-sat) percentage increases. (P-sat is a tool that can estimate the degree to which P sorbing
sites are saturated with P.) Thus, P fertilizer application is dependent on the existing soil P-sat
percentage. When P is attached to the soil, it poses a risk to water quality if soil erosion is not
controlled appropriately, because it will move off-site with the soil. For an environmental risk to
exist from P transport to surface waters, P must be in a form that can be released to water. The
P-sat percentage does not measure directly the risk for P loss in runoff; the P-sat percentage
indicates the amount of P that is desorbed and moved into solution when the soil comes into
contact with water (Kovzelove et al. 2010). This is only one mechanism by which P will be
released from a soil mineral. While P will cease to sorb to mineral surfaces if binding sites are
saturated, P can also be released if the sorbing complexes solubilize. Various environmental
conditions control the solubility of such complexes. For example, iron, when oxidized, forms
strong insoluble complexes with P, but if iron becomes reduced, the complex will solubilize and
release P. When P bound to soil sediments via iron complexes are eroded to surface waters,
the iron will become reduced and release P. While this is one pathway for P to move into the
water solution if there are no more places for P to bind to on the mineral, there are other
pathways for loss as well.

Butler and Coale (2005) describe how the amount of P released from soil when in contact with
water increases exponentially once the P-sat percentage is between 20-30 percent (Figure 2-5).
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Source: adapted from Butler and Coale 2005

Figure 2-5. The chart shows the relationship between P-saturation
and dissolved P release to water.
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EPA recommends that P fertilizer not be applied to soils that are above 20 percent where P
desorption and loss as runoff can occur. In addition, it is important for the nutrient management
plan to address the slope and movement patterns for water as runoff in a field by implementing
cropland in-field controls (as described below in Section 3 of this chapter), because P-sat
percentage does not dictate the probability of P in runoff to move to a ditch or local waterbody.

Tools can be used to plan for the applicable rate, timing, form, and method of P fertilizer
application. Understanding P-sat percentages in soils throughout the field is necessary to
ensure that the farmer is not applying P that is above the level needed for the crop and dually
affecting water quality. When testing for soil P, depth of measurement below the surface is an
important consideration, to account for buildup on the surface when manure is applied (but not
incorporated); a host of soil P of testing options are available, including Mehlich 1, Mehlich 3,
Bray 1, and modified Morgan, all of which must be fully understood because they are not
immediately exchangeable. P-sat percentage calculations can be implemented with the
assistance of USDA-NRCS staff, extension agents, Technical Service Providers (TSPs), or
other private industry consultants and researchers.

Beck et al. (2004) have calculated for three major physiographic regions of Virginia the degree
of P-sat as a function of Mehlich 1 extractable P for soils. That calculation provides a useful
model that can be adopted throughout the Chesapeake Bay watershed. Future research should
include calculation of the degree of P-sat in major soil types, starting in the areas of the Bay
watershed where there is a significant P imbalance (Figure 2-2).

Nitrogen

Implementation Measure A-2:

Maximize N fertilizer use efficiency to maximize the net benefit from the lowest-
needed amount of manure, biosolids, or commercial N fertilizer entering the
cropland system. Whenever N fertilizer is applied where manure has already been
applied, reduce N fertilizer rates according to the N credit of the manure that was
applied. That N credit will vary depending on the amount, timing, type, and method
of manure that was applied.

The NUE should be maximized to the extent practicable, and the expected NUE based on the
tests described here should be incorporated into the NMP. A host of tools can assist nutrient
management planners in developing the N application rate on the basis of in-field variability. By
using tools to increase crop NUE, N loss is minimized through reductions in leaching, surface
flow, ammonia volatilization, nitrification and denitrification, and soil erosion by calibrating the N
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input to the yield potential and crop needs. NUE is maximized to reduce N loss when the crop-
removal efficiency (the efficiency of the crop to take in all N made available to it) works in
tandem with the increase in residual nutrients available from the soil during the time the crop is
growing.

Use of N use efficiency tools reduces over-applied N from leaving the production field and
entering local waterways. Good N use efficiency is critical because higher use efficiency
reduces the level of excess N available to create potential environmental problems, especially
after the fall crop harvest during groundwater recharge events.

Improving the N application rate of a nutrient management plan for any cropland should use
NUE tools as a guide through a series of steps to determine the rate, realistic production goals,
and precision/decision agriculture systems and tools to efficiently apply N through improved
materials, timing, placement, and use. A variety of in-field tests can be used to adjust inputs to
meet the optimum yield of the plant in a manner in which N loss to the environment is
minimized.

Maryland and Delaware have determined a suite of tools that make up a decision agriculture
program, and other states in the Chesapeake Bay watershed are actively considering similar
approaches; a broad range of effective tools can be used where applicable. The tools have
varying degrees of technical needs and can all be implemented with the assistance of NRCS,
extension agents, TSPs, or other private industry consultants and researchers. Many of the
tools can be implemented at a scale broader than the field level, so it can be financially
beneficial if neighboring smaller farms collaborate in implementation. Those include the
following decision agriculture tools (additional tools and references are in Appendix 2):

o Stalk nitrate tests for field corn production is one of the most accurate methods to
estimate N application rate for subsequent years when used over time to make better
and more confident N management decisions. The test is done at the end-of-season and
provides field specific data to know if the N available for crop uptake was deficient,
marginal, optimal, or in excess for the plant to produce the optimum yield. The results of
the test can be used to improve the NUE practice, and the NUE effectiveness is
enhanced when the results are shared among localized area farmers with comparable
cropland production conditions (Blackmer and Mallarino 1996).

o Crop testing is a broader approach for a wider diversity of crops than the stalk NO; test.
Crop testing is used generally to detect the relative plant available N by sight with a leaf
color chart or chlorophyll meter, measuring plant available soil N with the Pre-Sidedress
Nitrate Test (PSNT) or employing real time chlorophyll measurement for variable rate
application in the field.
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o Fertilizer prescription rate maps can be a very useful NUE tool; they are developed
using strategic soil testing (e.g., PSNT) and global positioning system (GPS) crop yield
monitoring data. Soil tests are conducted throughout a field and GPS crop yield data
maps are joined, to chart the field variability of N availability, to determine realistic crop
production levels, and to help determine the subsequent season’s appropriate nutrient
prescriptive application rates.

¢ To maintain existing soil fertility levels, crop nutrient removal can be used to measure
the difference between the application rate and the plant uptake rate. Simple charts can
be devised to employ this tool, or software programs are available to ease the
calculations.

o Aerial imagery and strip trials are effective individual tools, but when coupled at the
end of a season, can provide an effective means to understand the spatial variability of a
field remotely. This can also help identify field areas where there are signs of planter or
applicator skips, diseased or pest-damaged areas, weed infestations and other non-
uniform areas, which can decrease the amount of plant available N required to meet
crop needs. While strip trials are conducted throughout the season, aerial imagery is
generally done during the growth phase of the crop (as opposed to when the crop is
mature).

¢ Nutrient source integration is used generally with organic fertilizer (manure), as a part
of developing a manure management plan. This tool provides multiple benefits and is
used to determine subsequent season’s manure needs and can simplify manure
application records.

e A tool being developed for the future is environmental risk assessment. It considers
the location of the field and its potential to impair local or far-field areas using known
transport factors.

2.1.3 Alternative Crops

Implementation Measure A-3:

Replace high nutrient loading crops in high-risk areas for water quality effects with
sound alternatives.

High-risk areas exist in places where there is intense animal agriculture because of the resulting
imbalance in nutrients (see Section 2.1.1). High nutrient loading crops, such as corn and
soybean, should be replaced with alternatives in environmentally sensitive areas such as those
in close proximity to local waters or in areas where there is a recorded nutrient imbalance for N
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or P. High-risk areas include such agricultural lands as sandy soils, which allow for easy N
transport. When shifting high-nutrient loading crops out of the sensitive areas, the viability and
market for the replacement crops will play an important role in deciding on which crops to grow.

Local agricultural contacts such as extension agents, conservation district staff, and TSPs can
provide the best assistance in choosing alternative crops while meeting production goals. In
Maryland, the document Alternative Agriculture in Maryland: A Guide to Evaluate Farm-Based
Enterprises (Musser et al. 1999) provides a workbook with 78 separate decision worksheets.
The USDA National Agricultural Library document Alternative Crops & Enterprises for Small
Farm Diversification (Gold and Thompson 2009) provides a broad range of information on
alternative crops.

2.1.4 Land Retirement

Implementation Measure A-4:

(1) Retire highly erodible lands (HELs) from cropland and replace the crop with
perennial native vegetation, or (2) Develop and implement a soil conservation plan to
reduce sheet and rill erosion to the Soil Loss Tolerance Level (T) as well as a nutrient
management plan.

Highly erodible land (HEL) is defined by the Sodbuster, Conservation Reserve, and
Conservation Compliance parts of the Food Security Act of 1985 and the Food, Agriculture,
Conservation, and Trade Act of 1990 (USDA-NRCS 2010b). A soil map unit with an erodibility
index (EI) of 8 or greater is HEL. The El for a soil map unit is determined by dividing the
potential erodibility for the soil map unit by the soil loss tolerance (T) (USDA-NRCS 2010c) T is
an integer value from 1 through 5 tons/acre/year. T of 1 ton/acre/year is for shallow or otherwise
fragile soils, and 5 tons/acre/year is for deep soils that are least subject to damage by erosion.
The classes of T are 1, 2, 3, 4, and 5. A field is considered HEL if either one-third or more of the
field has an El value of 8 or greater or if the HEL in the field totals 50 acres or more (USDA-
NRCS 2010a).

Sheet and Rill Equation

R xK xLS=EI

T

Chapter 2. Agriculture 2-27



Guidance for Federal Land Management in the Chesapeake Bay Watershed

where

T = soil loss tolerance, or the maximum rate of annual soil erosion that will permit crop
productivity to be sustained economically and indefinitely (tons/acre/year)

R = rainfall/runoff factor, quantifying the effect of raindrop impact and the amount and rate of
runoff associated with the rain, based on long term rainfall record

K = soil erodibility factor based on the combined effects of soil properties influencing erosion
rates

LS = slope length factor, a combination of slope gradient and continuous extent

The methodology used in implementing the Farm Bill Conservation Reserve Program has
encouraged the retirement of HELs from cropland and replacing the crop with perennial
vegetation.

When the lands are retired through the federal program, a suite of environmental benefit
indicators are considered:

e Water quality benefits from reduced erosion, runoff, and leaching
¢ Wildlife habitat benefits resulting from covers on contract acreage
e On-farm benefits from reduced erosion
o Benefits that will likely endure
e Air quality benefits from reduced wind erosion
e Cost
Those indicators can be used to assess environmentally sensitive areas as well as USDA-

identified HELs to determine where they are in the Chesapeake Bay watershed. Nutrients
should not be applied to HELSs, even if the lands are in continuous cropland production.

For HELs adjacent to stream channels, employ the recommendations from Chapters 5 and 7
(Riparian and Hydromodification) as the perennial vegetation. For information on federal
programs that can assist landowners through the process of land retirement, see Chapter 5.
Emerging and alternative markets can be used in conjunction with this recommendation to make
this viable for the producer.
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When the retirement of HEL will significantly affect the sustainability of the farm and after all
native vegetation markets are considered, a conservation plan to reduce sheet and rill erosion
to T as well as a nutrient management plan should be implemented.

2.1.5 Commercial Fertilizer Use

Implementation Measure A-5:

When using commercial fertilizer, give credit for manure nutrients. When
commercial fertilizer is used, provide for the proper storage, calibration, and
operation of chemical fertilizer nutrient application equipment.

Commercial fertilizers represent the largest single source of N and P applied to most cropland in
the United States. In the Chesapeake Bay watershed, commercial fertilizers are used when
manure is not readily available or undesirable, and are an important source of inorganic nutrient.
Commercial fertilizers can be a tool used to abate the nutrient imbalance in the Chesapeake
Bay watershed; where soils have a high range of P-sat percentage, but are below 20 percent,
commercial N fertilizer can be applied so that manure can be applied at the P rate.

Major commercial fertilizer N sources include anhydrous ammonia, urea, ammonium nitrate
(NH4NO3), and ammonium sulfate [(NH4).SO4]. Major commercial P fertilizer sources include
monoammonium phosphate, diammonium phosphate, triple superphosphate, ammonium
phosphate sulfate, and liquids. Descriptions of common commercial fertilizer materials are given
in Table 2-1.

Also, where soils have a high range of P-sat below 20 percent, apply commercial N fertilizer to
apply manure at the P rate.

Commercial fertilizers offer the advantage of allowing exact formulation and delivery of nutrient
quantities specifically tailored to the site, crop, and time of application in concentrated, readily
available forms. The use of any particular material or blend is governed by the characteristics of
the formulation (such as volatilization potential and availability rate), suitability for the particular
crop, crop needs, existing soil test levels, economics, application timing and equipment, and
handling preferences of the producer.
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Table 2-1. Common commercial fertilizer minerals

Analysis
(%)

Common name chemical formula N P,O5 K,O
N materials

Ammonium nitrate NH4sNO; 34% 0% 0%
Ammonium sulfate (NH4),SO, 21% 0% 0%
Ammonium nitrate-urea NH;NO;+(NH,),CO 32% 0% 0%
Anhydrous ammonia NH3 82% 0% 0%
Aqua ammonia NH,OH 20% 0% 0%
Urea (NH,),CO 46% 0% 0%
Phosphate materials

Superphosphate Ca(H,PO,), 0% | 20%—46% 0%
Ammoniated superphosphate Ca(NH4H,PO,). 5% 40% 0%
Monoammonium phosphate NH;H2PO, 13% 52% 0%
Diammonium phosphate (NH,),HPO, 18% 46% 0%
(rea armmorin prosonae
Potassium materials

Muriate of potash KCI 0% 0% 60%
Monopotassium phosphate KH,PO, 0% 50% 40%
Potassium hydroxide KOH 0% 0% 70%
Potassium nitrate KNO3 13% 0% 45%
Potassium sulfate K,SO, 0% 0% 50%

Note: Adapted from Pennsylvania State University (1997) and Cornell Cooperative Extension
(1997)

However, because of the nutrient imbalance from the amount of livestock manure produced in
the Chesapeake Bay watershed, EPA recommends that use of commercial fertilizer be
minimized by applying it only to the extent that manure nutrients are not available to be used.
EPA also recommends that provisions be in place for storing fertilizer, as well as regularly
calibrating and properly operating commercial fertilizer application equipment. That
recommendation encourages considering manure as the first-choice source of nutrients. While
there could be an upfront equipment cost, the benefits previously mentioned that manure can
bring to the soil should be considered. Moreover, such an approach will help reduce the
imbalance of nutrients that exists in significant portions of the Chesapeake Bay watershed that
has resulted from the existing excess supply of manure in the watershed.
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2.2 Animal Agriculture

In the Chesapeake Bay watershed, because of the intensity of animal agriculture and manure
generation, it is imperative to control all nutrient sources in the livestock production area. All
AFOs should provide the capacity to properly store for the minimum critical storage period
(dictated by the size of the storage facility) (1) all manure generated, (2) all contaminated runoff
generated, and (3) for open liquid manure storage structures, the direct precipitation from
events in the geographic area, including chronic rain. Proper storage of dry manure, such as
that produced at poultry operations, means covered storage, €e.g., in production buildings or
storage sheds. All AFO personnel should also ensure no runoff of pollutants is occurring from
the production area or discharged through conveyances to local waters, including any
precipitation-related water that comes into contact with the animals, animal by-products, litter, or
feed. Proximity to waterbodies, floodplains, HELs, and other environmentally sensitive areas is
a critical consideration in siting manure storage systems.

Strategies for source control associated with animal agriculture focus on containing and treating
feed, manure, and facility wastewater and preventing their movement to surface waters. Four
general principles can help control sources of nutrients and other pollutants from animal
agriculture: animal feed management, manure storage and transport, treatment or processing of
wastes, and management of grazing livestock. NRCS Practice Standards exist for those four
general principles and are referenced throughout this section.

2.2.1 Animal Feed Management

Important feeding strategies for livestock production focus on adjustment of feed additives,
formulations, phase feeding (matching feed to growth stage), or feeding methods to reduce the
nutrient content, change the form of nutrient excreted in manure, and feed as close to animal
requirements as possible (NRCS Practice Code 592 ). Decreasing the P and N content of
manure through diet modification is a powerful, effective approach to reducing the nutrient
balance and nutrient losses from livestock farms (Knowlton et al. 2004; Maguire et al. 2007;
Swink et al. 2009). Reduction of P and N overfeeding, use of feed additives to enhance dietary
P and N utilization, and development of grains in which a high proportion of the P is available
(high-available P, or HAP, grains) have all been shown to decrease P and N excretion without
impairing animal performance (Maguire et al. 2005). Phytase, a feed additive generally used in
poultry or swine feed, is an enzyme that breaks down the form of phosphorus (phytate) that is
found in grains so that the phosphorus can be digested and used by the animal. The phytase
enzyme is regularly produced and is present naturally in ruminants (e.g., dairy and beef cattle).

The ratio of N to P in manure applied to the land is a critical issue. Manures used as fertilizers
on fields commonly contain N:P ratios of approximately 3:1, whereas most major crops require
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N:P ratios of approximately 8:1. Application of manure to meet N requirements consequently
tends to apply excess P. Two maijor factors contributing to the low N:P ratio in manure are the
loss of N through ammonia volatilization and the presence of excess P in the diets of farm
animals. In addition to reducing the P content of manure through feed management, the
combination of reducing N volatilization losses and immobilization of P through manure or litter
amendment can significantly increase the final N:P ratio of land applied manure (Lefcourt and
Meisinger 2001).

Finally, some feed additives that pass through the animal and reside in the manure can be
problematic in the environment. For example, most of the arsenic used as an antibiotic in
commercial broiler production remains in the litter. As a result, higher levels of arsenic tend to
be found in soils that receive poultry litter compared to areas where litter is not applied.
Reducing or eliminating arsenic in poultry feed can reduce this problem.

Implementation Measure A-6:

Formulate animal feeds to reduce nutrient concentration in manure, improve the
manure N:P ratio in relation to crop needs, or eliminate toxic substances such as
arsenic in manure used as fertilizer. Align the N:P ratio of the manure to be equal to
(or greater than) the N:P ratio of the crop need.

Practice Effectiveness

Several studies have shown that reducing the nutrients in feed has a significant effect on the
manure nutrient content.

Arriaga et al. (2009) estimated that dietary manipulation in Spain could decrease dairy herd N
excretion by 11 percent per hectare, whereas P would be decreased by 17 percent. On two
New York dairy farms, Cerosaletti et al. (2004) reported that fecal P concentrations decreased
33 percent following dietary adjustments; milk production was not adversely affected. In a
modeling study of the same New York farms, precision feed management reduced the P
imbalance on each farm and reduced the soluble P lost to the environment by 18 percent
(Ghebremichael et al. 2007). Ebeling et al. (2002) applied dairy manure from two dietary P levels
to corn land in Wisconsin and reported that at equivalent manure rates, dissolved P concentration
in runoff from the high P diet manure was 10 times higher (2.84 versus 0.30 mg/L) than the low P
diet manure, and four times higher (1.18 versus 0.30 mg/L) when applied at equivalent P rates.

In a review, Graham et al. (2003) reported that including xylanase or phytase in poultry feeds can
reduce manure volume by up to 14 percent and N and P outputs by up to 13 percent and
70 percent, respectively. A review by Powers and Angel (2008) reported that for each one percent
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reduction in dietary crude protein, estimated NH; losses are decreased by 10 percent, creating the
potential for a 20—40 percent reduction in NH3; emissions from poultry houses. For P, under
commercial conditions, broiler litter P was decreased by 30 percent when diet P was decreased
by 10 percent. In North Carolina, Leytem et al. (2008) reported that inclusion of phytase in poultry
diets at the expense of inorganic P or reductions in dietary available P decreased litter total
phosphorus (TP) by 28 to 43 percent. Litter water-soluble P decreased by up to 73 percent with
an increasing dietary Ca/available P ratio, irrespective of phytase addition. Nahm (2009) found
that phytase addition to simple gastric animal diets in South Korea can decrease the litter water-
soluble P concentration by 30-35 percent. In Arkansas, Smith et al. (2004) showed that phytase
and HAP corn diets reduced litter-dissolved P content in broiler litter by 10 and 35 percent,
respectively, compared with the normal diet (789 mg P/kg). P concentrations in runoff water were
highest from plots receiving poultry litter from the normal diet, whereas plots receiving poultry litter
from phytase and HAP corn diets had reduced P concentrations.

In Canada, Emiola et al. (2009) showed that complete removal of inorganic P from growing pig
diets coupled with phytase supplementation improves digestibility and retention of P and N, thus
reducing manure P excretion without any negative effect on pig performance. In another
Canadian study, Grandhi (2001) reported that replacing inorganic P with phytase and lowering
the dietary protein level while supplementing amino acids in swine diets can decrease the
excretion of P up to 44 percent and N up to 28 percent in manure with no adverse effect on
performance of pigs. In a Danish study, replacing inorganic phosphates with phytase in pig feed
reduced the concentration of P in slurry by 35 percent (Sommer et al. 2008). In Europe, Aarnink
and Verstegen (2007) found that a combination of lowering crude protein intake and increasing
fermentable carbohydrates, and other modifications to feeding strategies could reduce ammonia
emission from growing-finishing pigs by 70 percent.

Despite ample research evidence that phytase addition, use of HAP feeds, and other
approaches can significantly reduce N and P content in manure, marketing and adoption of
such feeds has been slow. Recent survey data in Delaware suggest that poultry producers with
high soil P levels are willing to adopt HAP corn, despite increased costs and yield loss (Bernard
and Pesek 2007). It is possible that the lack of economic return for sales of HAP seed has
inhibited production and marketing of modified seed by suppliers. There is an apparent need for
additional work in this area to determine how to effectively get this promising technology into
wider production and use.

Dao (1999) reported that treatment of cattle manure with alum and other amendments can
increase the effective N:P ratio in manure, bringing it into a range suitable for using manure as a
balanced source of nutrients for crop production. Alum addition to stockpiled and composted
cattle manure reduced water-extractable P (WEP) in the manure by 85-93 percent. Worley and
Das (2000) reported that separation of solids from flushed swine manure and subsequent
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amendment with alum removed 75 percent of P and only small amounts of N from the manure.
As a result, the N:P ratio of the effluent entering the lagoon improved from 3.6 without
separation to 8 with separation and to 16.7 with separation and alum amendment.

Table 2-2. Summary of reported practice effects resulting from changes in animal feeding

strategies
Study
Location type Practice Practice effects Source
. Dairy feed 11% reduction in N excretion; .
F ; Al I 2
Spain arms | formulation 17% reduction in P excretion rriaga et al. 2009
New York |Farm Dairy dietary 33% reduction in manure P concentration Cerosaleti et al.
management 2004
New York |Model Dalry PFECISION | 18% reduction in soluble P lost from farm Ghebremichael et
feeding al. 2007
— o — .
Wisconsin | Field Dairy dietary | 75% redu_ct|on in d|s§olved P in runoff from Ebeling et al. 2002
management |land applied manure
. Phytase in 14% reduction in manure volume; 13%
Many Review poultry feed reduction in litter N, 70% reduction in litter P Graham et al. 2003
10% reduction in NH3 losses per 1%
Man Review Poultry feed decrease in dietary crude protein; 30% Powers and Angel
y formulation reduction in litter P with 10% reduction in 2008
dietary P
North Animal |Phytase in 28%—43% decrease in litter TP; Levtem et al. 2008
Carolina |trials poultry feed Up to 73% reduction in litter water-soluble PP y '
SKorea |Review |1Y18SIN 300, 350, reduction in litter water-soluble P |Nahm 2009
poultry feed
Farm/ Eih)r/]ta;;i?:tsle 10% reduction in litter dissolved P with
Arkansas 9 . phytase; 35% reduction with high available P | Smith et al. 2004
Plot P cornin c
corn
poultry feed
Removal of inorganic P from diet plus
Animal phytase supplementation improved
Canada : Swine diet digestibility and retention of P and N, Emiola et al. 2009
trials . '
reduced manure P excretion without
negative effects on growth
Animal 44% reduction in P excretion, 28% reduction
Canada : Swine diet in N excretion from replacing inorganic P Grandhi 2001
trials . . . .
with phytase and lowering dietary protein
Denmark |Farm Ph_ytase_ n 35% reduction in P in slurry Sommer et al. 2008
swine diet
. Swine feeding | 70% reduction in ammonia emissions from | Aarnink and
Europe Review 7 . b .
strategies growing-finishing operations Verstegen 2007
Notes:

a. High-P diet manure and low-P diet manure applied at equivalent P rates
b. With increasing Ca/available P in feed, irrespective of phytase

c. Study also reported that P concentrations in plot runoff were reduced where litter from modified diets was applied
d. Feeding changes included lowering crude protein intake, increasing fermentable carbohydrates, and addition of

acidifying salts
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Practice Costs

In an experiment in India, Khose et al. (2003) reported that the cost of broiler production per kg
live weight was lowest in the group fed the diet with a 50 percent reduction in feed dicalcium
phosphate supplemented with phytase. Osei et al. (2008) used an integrated economic and
environmental modeling system to evaluate effects of N- and P-based manure application rates
in Texas. Results of the study indicate that edge-of-field TP losses can be reduced by about
0.8 kg/halyear or 14 percent when manure applications are calibrated to supply all the
recommended crop P requirements from manure TP sources only versus manure applications
at the recommended crop N agronomic rate. Corresponding economic effects are projected to
average $4,852 (2010 dollars) annual cost increase per farm.

2.2.2 Manure Storage and Transport

Implementation Measure A-7:

Safely and strategically apply (with properly calibrated equipment), store, and
transport manure.
e Liquid manure storage systems including tanks, ponds, and lagoons
(e.g., NRCS Practice Code 313 Waste Storage Facility) should be designed
and operated to safely store the entire quantity and contents of animal
manure and wastewater generated, contaminated runoff from the
facility, and the direct precipitation from events in the geographic area,
including chronic rain.

e Dry manure (i.e,, stackable, greater than or equal to 20 percent dry
matter), such as that produced in poultry and certain cattle operations,
should be stored in production buildings, storage facilities, or otherwise
covered to prevent precipitation from coming into direct contact with the
manure and to prevent the occurrence of contaminated runoff. When
necessary, temporary field storage of dry manure (e.g., poultry litter)
may be possible under protective guidelines (e.g., NRCS Practice Code
633 Waste Utilization).

e For manure and litter storage, the AFO should maintain sufficient
storage capacity for minimum critical storage period consistent with
planned utilization rates or utilization practices and schedule.
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The manure and other wastes generated by livestock production should be contained and
management should prevent runoff losses from the facility. Key measures and some component
practices (including some as USDA-NRCS National Practice Codes) include the following:

¢ Ensure that the farm has sufficient storage for all manure.

— Waste storage facility (NRCS Practice Code 313): A waste impoundment made by
constructing an embankment, excavating a pit or dugout, or by fabricating a
structure.

— Waste treatment lagoon (NRCS Practice Code 359): An impoundment made by
excavation or earth fill for biological treatment of animal or other agricultural wastes.

o Ensure that manure and litter are stockpiled safely.

— Waste Utilization (NRCS Practice Code 6332): Using agricultural wastes, such as
manure and wastewater, or other organic residues (including temporary field
storage).

¢ Minimize the need for temporary storage by scheduling clean-outs as close to utilization
as possible.

o Locate storage on level ground not subject to flooding and away from surface waters and
wells.

e Stack manure on an impermeable pad or in areas with adequate separation from the
groundwater table.

¢ Rotate temporary storage areas to avoid buildup of salts and nutrients in a single
location.

e Cover stockpiles when practical. Although data on the benefits of covering poultry litter is
mixed (Poultry Litter Experts Science Forum 2008), there is evidence that dry broiler
litter should be covered to protect litter quality and to prevent extensive nutrient runoff
(Mitchell et al. 2007). Most Extension recommendations call for covering field stockpiles
of poultry litter and other solid manure (e.g., Carter and Poore 1998, Arkansas
Cooperative Extension Service 2006, Ogejo 2009).

¢ Minimize stockpile footprint and provide grass filter strip to protect downslope areas.

— Set total (whole-house) clean-out schedules that ensure no poultry litter stockpiling
during times of the year with the greatest environmental losses (e.g., winter).

2 NRCS Practice Code 633 is being revised at the national level. If the practice cannot be isolated as a unique
technology different from the technology delivered by NRCS Code 590, it may be abandoned or redefined. Interested
parties should be advised that the 590 is under revision and that 633 practice will be redefined or abandoned.
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— Divert clean water away from waste storage areas.

— Diversion (NRCS Practice Code 362): A channel constructed across the slope with
a supporting ridge on the lower side.

— Roof runoff management (NRCS Practice Code 558): A facility for controlling and
disposing of runoff water from roofs.

o Ensure that any recipient of manure generated has planned effectively to meet, at a
minimum, the same performance goals as those of the sourced manure.

— Areas receiving manure should be managed in accordance with meeting the goals
for erosion and sediment control, irrigation, and grazing management applicable,
including practices such as crop and grazing management practices to minimize
movement of applied nutrient and organic materials, and buffers or other practices to
trap, store, and process materials that might move during precipitation events.

— Waste utilization (NRCS Practice Code 633): Using agricultural wastes or other
wastes on land in an environmentally acceptable manner while maintaining or
improving soil and plant resources.

Measures for manure storage protect the wastes from precipitation and runoff and provide
opportunities for further treatment (see Section 2.2.4) or for subsequent manure management
according to a nutrient management plan (see Section 2.1.1). Thus, little recent literature exists
quantifying the effectiveness of waste storage alone. General pollutant reductions associated
with containment structures were reported (TP 60 percent, TN 65 percent, sediment 70 percent,
and fecal coliform 90 percent) in National Management Measures to Control Nonpoint Pollution
from Agriculture (USEPA 2003) based on information published by Pennsylvania State
University (PSU 1992). Mitchell et al. (2007) reported high nutrient losses in runoff from
uncovered poultry litter. Habersack (2002) studied runoff from uncovered and covered poultry
manure stockpiles and concluded that even protecting litter piles with the common 95 percent
plastic coverage technique was unsuccessful in reducing environmental pollution. It was
recommended that poultry litter be stored in a litter shed that prevents all contact from
precipitation and runoff. Reductions of fecal coliform bacteria numbers of two to three orders of
magnitude have been reported with manure storage for 2 to 6 months (Patni et al. 1985; Moore
et al. 1988).

Practice Costs

Concrete pits for storing wet animal waste can cost from $42.50/yd® for pits larger than 1,000
yd® to $159/yd? for pits smaller than 370 yd®, with typical total costs ranging from $42,800 for
smaller pits to over $200,000 for larger pits (USDA-NRCS 2010). The cost of earthen ponds
ranges from $9.92/yd? for ponds larger than 1,000 yd® to $13.65/yd> for smaller ponds. A typical
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small, earthen pond costs about $12,500, while a larger pond could cost just under $17,000.
Earthen floor storage for dry waste costs from $41.50 to $55.90/yd?, with typical small (less
than or equal to 1,000 yd®) structures costing just over $37,000 and larger structures costing
nearly $50,000. Storage of dry wastes costs more with concrete floors ($70.90 to $106/yd®);
structures with a capacity of less than or equal to 500 yd? typically cost around $50,000,
whereas larger structures cost nearly $70,000. Loose housing for dry waste storage costs about
$207/yd®, and typical structures holding 1,150/yd® cost about $240,000. Waste field storage
consisting of fabric and gravel with a tarp costs $1.62/ft> while a concrete slab and tarp goes for
$3.67/ft* in Virginia, with typical total costs of $11,310 and $14,665, respectively (USDA-NRCS
2010).

Waste treatment lagoons with earthen bottoms cost about $13/yd®, and lagoons typically cost
about $21,440 (USDA-NRCS 2010). Pond sealing or lining with flexible membrane ($1.38/ft?),
soil dispersant ($1.52/ft?), or bentonite clay ($1.52/ft?) are improvement options in Virginia for
which total costs are typically in the range of $6,700 to $7,500. Sealing with compacted clay
costs about $6.91 or $16.63/yd* of earth moved for on-site and off-site clay sources,
respectively. Typical total costs for compacted clay liners are about $2,300 for on-site clay and
$5,500 for off-site clay.

Earthen diversions cost about $2.70 per linear foot. Roof runoff structure costs range from
$1.84/gallon for underground cisterns with hookup, to $4.54/ft for downspouts and drain lines, to
$6.00/ft for 6-inch gutters. Dry poultry spreading generally costs about $33.90/ac, whereas
spreading of liquid dairy waste costs about $12.50/ac. Waste utilization via lagoons and
irrigation systems cost about $377/ac, with typical systems running about $66,000.

2.2.3 Livestock Exclusion from Streams

Implementation Measure A-8:

Exclude livestock from streams and streambanks to reduce nutrient inputs,
streambank erosion, and sediment inputs and to improve animal health.

Grazing livestock should be excluded from streams and riparian areas to reduce direct nutrient
and pathogen inputs, prevent streambank damage and resulting sediment inputs, and improve
animal health (NRCS Practice Code 472). Fencing is the most reliable way to protect streams
and riparian areas from the effects of livestock, and can be woven wire or electric (NRCS
Practice Code 382). Cost-share programs might require permanent fencing, rather than
temporary or movable fence. Management intensive or rotational grazing could, however,
involve using movable fences to create temporary paddocks to direct livestock away from a
water course. If complete fencing is not possible, the most sensitive streambank areas should
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be fenced, while providing an alternate watering source (NRCS Practice Code 614) for access
to drinking water for grazing animals. Some trials have documented success in keeping
livestock out of streams without continuous fencing by providing drinking water and/or shade
away from the stream to encourage livestock to congregate away from riparian areas.

Practice Effectiveness

Livestock exclusion fencing

Line et al. (2000) documented 33, 78, 76, and 82 percent reductions in weekly nitrate + nitrite,
total Kjeldahl nitrogen (TKN), TP, and sediment loads, respectively, resulting from fencing dairy
cows from a 10- to 16-m wide riparian corridor along a small North Carolina stream. In the same
system, Line (2003) showed that fecal coliform and enterococci levels decreased 65.9 percent
and 57.0 percent, respectively, after livestock exclusion.

In Vermont streams draining dairy pastures, Meals (2002) reported 20-50 percent reductions in
nutrient and suspended solids loads and 40-60 percent reductions in fecal bacteria counts
following livestock exclusion and riparian restoration with bioengineering techniques.

James et al. (2007) estimated 32 percent reduction of in-stream deposition of fecal P by grazing
dairy cattle in New York following livestock exclusion under the CREP.

In central Pennsylvania, Carline and Walsh (2007) reported that following riparian treatments,
consisting of fencing, 3- to 4-m buffer strips, stream bank stabilization, and rock-lined stream
crossings, stream bank vegetation increased from 50 percent or less to 100 percent in formerly
grazed riparian buffers, suspended sediments during base flow and storm flow decreased
47-87 percent, and macroinvertebrate densities increased in two treated streams.

However, Agouridis et al. (2005) reported that incorporation of an alternate water source or
fenced riparian area along a central Kentucky stream did not significantly alter stream cross-
sectional area where the measures were applied. The authors suggested that riparian recovery
within the exclosures from pretreatment grazing practices might require decades, or greater
intervention (i.e., stream restoration), before a substantial reduction in streambank erosion is
noted.
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Table 2-3. Summary of reported practice effects resulting from livestock exclusion

Location | Study type Practice Practice effects Source
. . Load reductions: 33% NO,+NOs-N,
North | Small Fencing dairy 78% TKN, 76% TP, and 82% Line et al. 2000
Carolina | watershed | cattle .
sediment
North Small Fencing dairy Reductions: 66% fecal coliform, 57% :
. . Line 2003
Carolina | watershed | cattle enterococci
. . Load reductions: 20-50% TP, TKN,
Fencing dairy
Small Sa TSS
Vermont cattle; riparian . . Meals 2002
watersheds h Reductions: 40—-60% fecal coliform,
restoration ;
fecal strep., and E. coli
; . o . "
New Stream Fench dairy 32 % reduction in deposition of fecal P James et al. 2007
York cattle in stream
zter ir1c;|ngsyt,rt6):2:er Streambank vegetation increase from
Pennsyl- | Small ps, stream < 50%—100%; 47—87% reduction in Carline and Walsh
. bank stabilization, L ;
vania watersheds ) SS concentrations; increase in 2007
rock-lined stream . i
. macroinvertebrate densities
crossings
. Off-stream water | 63% decrease time cattle spent in Franklin et al.
Georgia | Stream S
supply riparian zones 2009
3 No significant changes in physical
North. Stream Off-stream water water quality parameters or bacteria Line 2003
Carolina supply
counts
Note:

a. Livestock exclusion under Conservation Reserve Enhancement Program (CREP)

Alternative water supply

In Georgia, Franklin et al. (2009) found that when the temperature and humidity index ranged
between 62 and 72, providing cattle with water troughs outside of riparian zones tended to
decrease time cattle spent in riparian zones by 63 percent. The study suggests that water

troughs placed away from unfenced streams can improve water quality by reducing the amount
of time cattle spend in riparian zones.

However, Line (2003) reported that levels of most measured physical parameters and bacteria
were not significantly different following the installation of alternate water supply in a North
Carolina pasture.

Practice Costs

Fence costs range from $0.49/ft for 1-strand, stainless steel electric poly wire used as

temporary fencing, to $8.77/ft for 4-foot chain-link fence with one strand of barbed wire (USDA-
NRCS 2010). Most fencing falls within the range of about $2/ft to $3/ft, with typical total costs of
about $3,000 to $4,000. Watering facilities cost about $812 each for converted heavy truck tires
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to as much as $1,700 for 4-hole, freeze-proof troughs including gravel and a concrete pad.
Portable shade structures for livestock cost $4.85/ft? for a typical total cost of $1,940. Graded
stream crossings made of gravel and fabric cost under $2.50/ft?, while stream crossings with
concrete access or culverts cost about $4.10/ft* and $4.90/ft?, respectively (USDA-NRCS 2010).
Typical total costs for graded stream crossings range from $1,700 to $2,900 for gravel and
fabric, to $4,300 with concrete access, to just over $5,100 for culverts.

2.2.4 Wastewater and Animal Wastes

Implementation Measure A-9:

Process/treat through physical, chemical, and biological processes facility wastewater
and animal wastes to reduce as much as practicable the volume of manure and loss
of nutrients.

Manure and wastewater stored on farms has a significant pollution potential even after wastes
are collected and stored appropriately. Researchers have recommended a variety of practices
to manage the effects of animal wastes, focusing on treating waste to change its physical,
chemical, or biological properties; remove potential pollutants; or improve handling
characteristics (Bicudo and Goyal 2003; Ritter et al. 2003; Martinez et al. 2009).

Such practices include the following:

o Waste treatment and processing—treating manure or farm wastewater to separate
liquids and solids, immobilize pollutants, or remove nutrients from the waste stream

¢ Digestion—processing animal wastes to capture biogas for use as fuel, reducing bulk of
remaining residuals for further management. The digestion process removes only
carbon, hydrogen, and water from the animal waste; the residuals from digestion contain
all the N, P, and trace minerals and about half of the carbon of the original manure.

o Composting—composting of animal wastes, possibly combined with other green
wastes, to reduce bulk, stabilize nutrient forms, and facilitate export and land application
of animal wastes. High temperatures during composting kill manure microorganisms,
largely eliminating the risk of contaminating crops with pathogens where composted
manure is land-applied. Composting reduces the mass and volume of manure
significantly, while P content remains essentially unchanged. Substantial N losses can
occur, however, through volatilization of ammonia N created by decomposition of
organic N and by conversion of organic N to NO; followed by leaching.

o Constructed Wetland treatment—to remove nutrients by plant uptake and promotion of
denitrification
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¢ Other biological treatments—treatment systems using microorganisms, algae, or other
plants to break down wastes and absorb nutrients

o Air quality management—practices to reduce or capture airborne pollutants like
ammonia or fine particulates from animal housing

Practice Effectiveness

Waste treatment and processing—manure and wastewater amendment

Amending poultry litter with alum [Al3(SO4)2-14H,0] is a method of economically reducing
ammonia volatilization in the poultry house and soluble P in runoff waters (e.g., Amendments for
Treatment of Agricultural Waste, NRCS Practice Code 591). In South Korea, Do et al. (2005)
reported that application of aluminum chloride (AICI3-6H,0) to litter lowered atmospheric
ammonia concentrations at 42 days by 97.2 percent, whereas ferrous sulfate (FeSQO,4-7H,0)
lowered it by 91 percent. Ammonia concentrations were reduced by 86, 79, 76, and 69 percent
by alum, alum + CaCOg;, aluminum chloride + CaCOs, and potassium permanganate (KMnQ,),
respectively, when compared with a control at 42 days. The addition of 6.25 percent zeolite or
2.5 percent alum to dairy slurry in Maryland reduced ammonia emissions by nearly 50 and 60
percent, respectively. Alum treatment retained ammonia by reducing the slurry pH to 5 or less.
In contrast, zeolite, (a cation exchange medium) adsorbed ammonium and reduced dissolved
ammonia gas (Lefcourt and Meisinger 2001).

In Arkansas, Moore et al. (1999 and 2000) reported that reductions in litter pH in alum-treated
broiler litter reduced NHj3 volatilization by 97 percent, which led to reductions in atmospheric
NHj; in the alum-treated houses. Broilers grown on alum-treated litter were significantly heavier
than controls (1.73 kg versus 1.66 kg). Soluble reactive P (SRP) concentrations in runoff from
pastures fertilized with alum-treated litter were 75 percent lower than those from normal litter.
Also in Arkansas, Smith et al. (2001) found that alum and aluminum chloride amendment to
swine manure reduced SRP concentrations in runoff by 84 percent that were not statistically
different from SRP concentrations in runoff from unfertilized control plots. Smith et al. (2004)
reported that the addition of alum to various poultry litters reduced P runoff by 52 to 69 percent
from pastures where the litter was applied; the greatest reduction occurred when alum was used
in conjunction with dietary modification with HAP corn and phytase.

In Pennsylvania, Dou et al. (2003) reported reductions of soluble P in dairy, swine, and broiler
manures of 80 to 99 percent at treatment rates of 100 to 250 g alum/kg manure dry matter.
Fluidized bed combustion fly ash reduced readily soluble P by 50 to 60 percent at a rate of

400 g/kg for all three manures. Flue gas desulfurization by-product reduced soluble P by nearly
80 percent when added to swine manure and broiler litter at 150 and 250 g/kg.
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Table 2-4. Summary of reported practice effects resulting from waste amendment

Location | Study type Practice Practice effects Source
Atmospheric ammonia concentration
reductions:
Poultry Poultry litter 97% (Aluminum chloride), 91% (Ferrous
K ’ D I 2
% |house amendments  |sulfate), 86% (alum), 79% (alum+CaCOy), | O° @200
76% (aluminum chloride+CaCO3),
69% (KMnOy,)
, Dairy slurry 50% ammonia emissions reduction (zeolite), Lefcourt and
Maryland | Dairy farm . . . Meisinger
amendments 60% ammonia emissions reduction (alum) 2001
97% ammonia volatilization; 75% reduction
Poultry Alum ; : L Moore et al.
Arkansas in soluble P in runoff from pastures receiving
houses amendment . 1999 and 2000
treated litter
AIum_ and 52%—69% reduction in P concentration in .
. aluminum . Smith et al.
Arkansas |Field . runoff from pastures where treated litter
chloride treated . a 2004
. applied
poultry litter
Alum and 84% reduction in soluble P concentration in
aluminum runoff from plots receiving treated manure; P | Smith et al.
Arkansas | Plots chloride treated | concentration not significantly different from | 2001
swine manure | un-manured control plots
Pennsvl- Dairy, swine, Manure soluble P reductions: 80-99% Dou et al
nsy Laboratory |broiler manure |(alum), 50%—-60% (fly ash), 80% (flue gas '
vania o 2003
amendments desulfurization byproduct
Dairy 93%-99% reduction in ortho-P with alum Jones and
Unknown |Laboratory |wastewater treatment; ortho-P reduced to < 1 mg P/L by
X Brown 2000
amendment alum and PAM combined
Liquid from separated manure amended with
Dairy manure alum and polymer had 82% less TP, 36%
Unknown | Laboratory amendment less TS, and 71% lower COD than untreated Oh etal. 2005
manure
. Dairy manure | Amending dairy manure with WTR reduced |Dayton and
Ohio Laboratory amendment CaCly-extractable P > 75% Basta 2005
Dairy manure Amending dairy manure with alum-based Meals et al
Vermont |Laboratory ry WTR reduced manure soluble P up to 79%, ’
amendment o 2007
TP up to 50%
Cattle. swine Amending manure with PAM, alum, and CaO
. ' treatments reduced fecal bacteria 90->99% | Entry and
Idaho Field manure ; C . .
in runoff from application sites compared to | Sojka 2000
amendment
untreated manure control
Swine Amending swine wastewater with alum, ferric
Taiwan Laboratory |wastewater chloride, calcium hydroxide, and Cheng 2001
amendment polyaluminum chloride reduced COD by 54%
Note:
a. Greatest P reductions when alum used in conjunction with dietary modification
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In laboratory studies, alum reduced ortho-P in dairy wastewater 93—-99 percent at rates less
than three g alum/L. Ortho-P was reduced to one mg P/L or less by a combination of alum and
polyacrylamide (PAM) treatment (Jones and Brown 2000).

Oh et al. (2005) reported that alum and polymer addition improved the efficacy of mechanical
separation of dairy manure. When compared to the control, waste amended with alum and
polymer had 82 percent less TP in the press liquor, which indicates that P was partitioned into
the press cake. The combined alum/polymer treatment also resulted in a 36 percent reduction in
total solids (TS) and a 71 percent reduction in chemical oxygen demand (COD) in the press
liquor when compared to the control.

Codling et al. (2000) recommended substituting Al-rich drinking WTR for alum for reducing
water-soluble P in poultry litter. In Ohio, Dayton and Basta (2005) reported that blending WTR to
manure at 250 g/kg reduced CaCl,—extractable P by greater than 75 percent. In a Vermont
study, Meals et al. (2007) found that additions of alum-based WTR to liquid dairy manure could
reduce manure soluble P concentrations up to 79 percent and TP concentrations by up to

50 percent.

In Idaho, Entry and Sojka (2000) reported that treatment of cattle and swine manure with
combinations of PAM, aluminum sulfate (Al(SO4);), and calcium oxide (CaO) treatments
reduced fecal bacteria counts by 10- to 1,000-fold in water flowing downstream of treated
manure application sites, compared to the untreated manure control.

In Taiwan, Cheng (2001) was able to reduce COD levels in swine wastewater by 54 percent to
190 mg/L using coagulants such as aluminum chloride, ferric chloride, calcium hydroxide, and
polyaluminum chloride.

Waste treatment and processing—waste separation

Note that waste separation does not treat wastes in the sense of removing or inactivating
pollutants; rather, the process of separation produces a separate liquid and solid waste stream
that could facilitate handling, transport, and further use of waste components.

An inclined stationary screen separator removed 61 percent of the TS, 63 percent of the volatile
solids, 49 percent of the TKN, 52 percent of the organic-N, and 53 percent of the TP from South
Carolina dairy manure in a flush system; the complete manure treatment system consisting of
the screen separator, separator, a two—chambered settling basin, and a lagoon removed

93 percent of the TS, 96 percent of the VS, 74 percent of the TKN, 91 percent of the organic-N,
and 86 percent of the TP (Chastain et al. 2001).
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In Wisconsin, Converse and Karthikeyan (2004) reported that long-term settling of flushed dairy
manure will remove 75 to 80 percent of TP from raw flushed manure or separator effluent and
concentrate it in the bottom 25 percent of the volume. Cantrell et al. (2008) reported that
geotextile filtration of liquid dairy manure in South Carolina reduced volume to less than one
percent of total influent volume, concentrated the solids and nutrients in the dewatered material
16 to 21 times greater than the influent, and retained 38 percent of TS, 26 percent of TKN, and
45 percent of TP. In South Carolina, Garcia et al. (2009) used the natural flocculant chitosan to
improve the performance of screen separation efficiencies for flushed dairy manure to greater
than 95 percent for total suspended sediment (TSS), greater than 73 percent for TKN, and
greater than 54 percent for TP.

Table 2-5. Summary of reported practice effects resulting from waste separation

State Study type Practice Practice effects Source
Inclined For flush-system dairy manure, separator
South Farm stationary removed 61% of TS, 63% of the volatile Chastain et
Carolina screen solids, 49% of the TKN, 52% of the organic— | al. 2001
separator N, and 53% of the TP
Separator + For flush-system dairy manure, full system
South Farm setE()Iin basin removed 93% of TS, 96% of the volatile Chastain et
Carolina +la o%n solids, 74% of the TKN, 91% of the organic— | al. 2001
9 N, and 86% of the TP
Lonaterm 75%-80% of TP removed from raw flushed | ConVer®
Wisconsin | Laboratory 9 dairy manure, concentrated in 25% of .
settling original volume Karthikeyan
9 2004
. For liquid dairy manure, reduced volume to
gzlrjct)rl]ina Farm Seeoz:fe)x(ttilclai < 1% of influent volume and retained 38% of gggge” etal.
P TS, 26% of TN, and 45% of TP
Use of natural flocculant chitosan improved
South E Flocculation + p?frfqrmgnc? ofﬂscrr?eg ge_p aration Garcia et al.
Carolina arm separation efficiencies for flushed dairy manure to 2009
> 95% for TSS, > 73% for TKN, and > 54%
for TP
For swine waste, addition of PAM before
North Farm PAM + screening increased separation efficiencies | Vanotti et al.
Carolina screening to 95% TSS and VSS, 92% organic P, 85% | 2002
organic N, 69% COD, and 59% BODs;
. System removed 97% of TSS and VSS, 85% .
North oy Flocculation + | ¥ BOD, 83% of COD, 61% TKN, and 72% of | Y anotti etal.
Carolina filtration : 2005
TP from flushed swine manure
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Although screening alone was not effective for separating swine waste in a North Carolina
study, Vanotti et al. (2002) found that adding PAM before screening increased separation
efficiencies to 95 percent TSS and volatile suspended solids (VSS), 92 percent organic P,

85 percent organic N, 69 percent COD, and 59 percent BODs; the N:P ratio was improved from
4.79 to 12.11, resulting in a more balanced effluent for fertilizing crops. In a subsequent study,
Vanotti et al. (2005) reported that a combined flocculation and filtration treatment system
removed 97 percent of TSS and VSS, 85 percent of BOD, 83 percent of COD, 61 percent TKN,
and 72 percent of TP from flushed swine manure.

Waste treatment and processing—lagoon treatment

Waste treatment processes typically leave a residual material after producing a cleaner effluent;
thus, the reductions cited in the literature generally refer to the treated effluent compared to the
original waste. In all cases, the residual should be managed properly to prevent pollution
impacts.

Aerobic lagoon treatment of swine waste in Nova Scotia accomplished removals of 59-71
percent TSS, 59—73 percent VSS, 42—60 percent TKN, and 42—-51 percent NH4-N (Trias et al.
2004). In France, combined aerobic/anoxic treatment of swine manure wastewater achieved
86 percent reduction in TSS, 90 percent reduction in TN and COD (Prado et al. 2009);

50 percent of soluble P was biologically removed by an intermittent aerobic/anoxic sequence.

In Korea, Ra et al. (1998) reported that a two-stage sequencing batch reactor system achieved
removal efficiencies of 98 percent total organic carbon (TOC), 100 percent NH4-N, 98 percent
TKN, 97 percent ortho-P, 98 percent TP, 97 percent suspended solids (SS) and 97 percent
VSS.

Vanotti and Szogi (2008) tested a new swine waste treatment system combining liquid-solids
separation with biological N and P removal in North Carolina and reported removal of 73-98
percent TSS, 40—76 percent of TS, 77—100 percent of BODs, 85-98 percent of TKN and NH4-N,
38-95 percent of TP, and 37-99 percent of Zn and Cu. A second-generation version of the
system removed 98 percent TSS, 97 percent NH4-N, 95 percent TP, 99 percent Zn and Cu,
99.9 percent odors, and 99.99 percent pathogens (Vanotti et al. 2009).
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Table 2-6. Summary of reported practice effects resulting from lagoon treatment

Study
Location | type Practice Practice effects Source
Nova For swine waste, removals of 59%-71% TSS, Trias et al
: Farm Aerobic lagoon 59%—73% VSS, 42%—60% TKN, and 42%— ’
Scotia o 2004
51% NH4-N
For swine manure wastewater, achieved
; : 86% TSS reduction, 90% TN and COD
France Farm Aerobic/anoxic reduction; 50% of soluble P was biologically Prado et al.
lagoons . . . . 2009
removed by an intermittent aerobic/anoxic
sequence.
Two-stage Removal efficiencies of 98% TOC, 100% NH,-
Korea Farm se uencgiln batch N, 98% TKN, 97% ortho-P, 98% TP, 97% Ra et al.
regctor 9 suspended solids, and 97% volatile 1998
suspended solids from swine waste
Solids separation + For swine waste treatment, removal of
North Farm biolo icaIpN and P 73-98% TSS, 40%—76% of TS, 77%—100% of | Vanotti and
Carolina remog\;/al BODs, 85-98% of TKN and NHy4-N, 38%—-95% | Szogi 2008
of TP, and 37%—-99% of Zn and Cu.
Solids separation + .
: : For swine waste treatment, removal of 98% .
Corolina | Fam | P98 | TSS, 97% NH.-N, 956% TP, 88% Znand Cu, | go0oi5o00
generation) 99.9% odors, and 99.99% pathogens 9

Waste treatment and processing—other treatment

Masse et al. (2007) reviewed the most recent literature on membrane filtration for manure
concentration and treatment and found studies of ultrafiltration of manure that reported up to
100 percent removal of coliform and SS, 87 percent P reduction, but no effect on soluble COD
from ultrafiltration (0.01 um) and lower efficiency from microfiltration (0.2 um), e.g., 75 percent

SS removal.

In Ireland, Healy et al. (2004) tested recirculating sand filters for treatment of dairy wastewater
and reported TN reduction of 27 to 41 percent; TN reduction increased to 83 percent when sand
filter effluent was recirculated through an anoxic zone. A subsequent study (Healy et al. 2007)
reported consistent COD and TSS removals of greater than 99 percent, and an 86 percent

reduction in TN.

Lee and Song (2006) reported average removal of 81 percent COD, 92 percent SS, 68 percent
TN, and 95 percent TP using ozone to treat livestock wastewater through a dissolved air
flotation system in Korea. Separation, collection, and treatment of swine waste with an ammonia
recovery process using a metal ion treated resin bed achieved greater than 90 percent
reduction in ammonia content in North Carolina (Loeffler and van Kempen 2003). Removal of up
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to 90 percent of P from swine waste treated by chemical precipitation with struvite and
hydroxyapatite was reported in South Korea (Choi et al. 2008).

Table 2-7. Summary of reported practice effects resulting from other wastewater treatment

Study
Location type Practice Practice effects Source
Ultrafiltration (0.01 um) of manure: up to 100%
Numerous | Review Membrane removal of coliform and SS, 87% P reduction, no | Masse et al.
filtration effect on soluble COD; lower efficiency from 2007
microfiltration (0.2um: 75% SS removal.
For dairy wastewater, reported TN reduction of
Ireland Farm Recirculating 27 to 41%; TN reduction increased to 83% when | Healy et al.
sand filter sand filter effluent was recirculated through an 2004
anoxic zone
Ireland Farm Recirculating For dairy wastewater, COD and TSS removals of | Healy et al.
sand filter > 99%, and an 86% reduction in TN 2007
Ozone dissolved | Average removals of 81% COD, 92% SS, 68% Lee and
Korea Farm | air flotation TN, and 95% TP removal from livestock
Song 2006
system wastewater
North Separa‘qon * Achieved > 90% reduction in ammonia content Loeffler and
. Farm |ammonia : : van Kempen
Carolina a in swine waste
recovery 2003
Korea Farm Chef“'.ca'. b Up to 90% removal of P from swine waste Choi et al.
precipitation 2008
Notes:

a. Ammonia recovery using a metal ion treated resin bed
b. Struvite and hydroxyapatite

Digestion

Anaerobic digestion of manure can offer substantial benefits, both economic and intangible, to
animal feeding operators and surrounding communities, such as renewable energy generation;
reduction in bulk and improvement of handling characteristics; production of stable, liquid
fertilizer and high-quality solid soil amendment; reduction in odors; reduction of greenhouse
gasses (GHGs); and reduction in ground and surface water contaminants (Demirer and Chen
2005; Cantrell et al. 2008; Garrison and Richard 2005). There is ample literature concerning
digester performance and yield, but not all studies report performance relevant to water quality
concerns. It should be noted that digestion does not generally remove nutrients from the original
waste material, and the residuals from digestion require further management.
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Costa et al. (2007) evaluated the efficiency of the anaerobic digestion in reducing the organic
load of swine waste. Results showed an average reduction of COD of 58 percent.

In Turkey, Gungor-Demirci and Demirer (2004) investigated the potential biogas generation
from anaerobic digestion of broiler and cattle manure. The efficiency of total COD removal was
32-43 percent and 40-50 percent for initial COD concentrations of 12,000 and 53,500 mg/L,
respectively. The biogas yields observed for initial COD concentrations of 12,000 and

53,500 mg/L were 180-270 and 223-368 mL gas/g COD added, respectively.

A thermochemical conversion process applied to the treatment of swine manure for oil
production in lllinois achieved a 75 percent reduction in COD (He et al. 2000). Lansing et al.
(2008a) reported 84 percent reduction in COD and a 78 percent increase in dissolved NH4-N
concentration in a study of seven low-cost digesters in Costa Rica. In a companion study of very
small farms, Lansing et al. (2008b) reported reductions in COD of 86 percent for dairy digester
and 92 percent for a swine digester.

Thermophilic aerobic digestion reduced volatile solids by 28-54 percent in Ireland, while
producing Class A biosolids suitable for land application (Layden et al. 2007). Anaerobic
digestion of poultry feces in Nigeria achieved greater than 99 percent reductions in E. coli
bacteria counts compared to an undigested, but equal-aged control (Yongabi et al. 2009).

In China, adding undigested swine wastewater to digested wastewater in a sequencing batch
reactor process significantly improved COD removal to greater than 80 percent and NH,;-N
removal up to 99 percent (Deng et al. 2005). The effluent COD concentration was in the range
of 250 mg/L to 350 mg/L and effluent NH;-N concentration was less than 10 m/L. A pilot-scale
sequencing batch reactor built to treat swine waste in Australia achieved NH4-N and odor
reductions of greater than 99 percent as well as 79 percent removal of COD and a 49 percent
reduction of PO4-P on a mass balance basis because of struvite formation within the reactor
(Edgerton et al. 2000).

In China, enhancement of a traditional sequencing batch reactor for swine waste with two-step
feeding and low-intensity aeration at laboratory scale yielded reductions of 94 percent TN,

99 percent TP, and 99.9 percent BODs, possibly reflecting the activity of denitrifying P-
accumulating organisms (Lue et al. 2008; Lu et al. 2009).
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Table 2-8. Summary of reported practice effects resulting from manure digestion

Study
Location type Practice Practice effects Source
Unknown | Farm A_naer_oblc Average reduction of COD of 58%. Costa et al.
digestion 2007
For digestion of broiler and cattle manure,
COD removal was 32%-43% and 40%—
50% for initial COD concentrations of Gungor-
Turkey Pilot Anaerpblc 12,000 and 53,500 mg/L, rt_as_pectlvely. The Demirci and
digestion biogas yields observed for initial COD Demirer 2004
concentrations of 12,000 and 53,500 mg/L
were 180-270 and 223-368 mL gas/g COD
added, respectively
lllinois Pilot Thermoghemmal 75% reduction in COD of swine manure He et al. 2000
conversion
Costa Farms Anaerobic 84% reduction of COD; 78% increase in Lansing et al.
Rica digestion NH4-N 2008a
0 . =
Costa Farms Anaerobic 220;0 reguct!ons O: 888 ]tor da|r¥ digester Lansing et al.
Rica digestion 2% reductions o or a swine 2008b
digester
Ireland Farm Therrr_mophlllc . 28%—54% reduction in volatile solids® Layden et al.
aerobic digestion 2007
L Anaerobic o . . b Yongabi et al.
Nigeria Farm digestion > 99% reductions in E. coli 2009
Adding additional undigested swine
Sequencin wastewater to digested wastewater in a Deng et al
China Farm q 9 sequencing batch reactor process 9 '
batch reactor A, ) X 2005
significantly improved with COD removal to
> 80% and NH4-N removal up to 99%
For swine waste, > 99% NH,4-N and odor
Australia | Pilot Sequencing reductions, 79% removal of COD, and a Edgerton et al.
batch reactor 49% reduction of PO4-P on a mass balance | 2000
basis®
Enhanced Reductions of 94% TN, 99% TP, and Lue et al. 2008
China Laboratory | sequencing 99.9% BODs, possibly from growth of ; ’
d e ) . Lu et al. 2009
batch reactor denitrifying P-accumulating organisms
Notes:

a. Produced Class A biosolids suitable for direct land application
b. Compared to an undigested, but equal-aged control

c. Due to struvite formation within the reactor
d. Addition of two-step feeding and low-intensity aeration to traditional SBR
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Composting

Composting of animal manure can reduce bulk, kill microorganisms, improve handling, and
provide a value-added product (Brodie et al. 2000). While significant quantities of N can be lost
through volatilization in the composting process (consider air quality issues), composting has no
net effect on the TP content of the material.

In Texas, Bekele et al. (2006) documented a 19-23 percent decrease in soluble P in streams
draining areas where significant quantities of manure had been composted and removed from
the watershed. While composting did not change the P content of the end product, composting
facilitated transport and marketing of the final product.

Gibbs et al. (2002) measured nutrient losses from aerobic composting of cattle manure in the
UK. Total mass loss ranged from 23 percent for an unturned static composting to 67 percent of
the initial mass for the indoor composting turned three times. N losses from the manure heaps
ranged from 8 to 68 percent of the initial total manure N content. Gaseous N losses, primarily as
NHjs;, accounted for between 7 and 67 percent of the initial manure N content.

Table 2-9. Summary of reported practice effects resulting from manure composting

Study
Location type Practice Practice effects Source
19%—-23% decrease in soluble P in streams
Composting + | draining areas where significant quantities of Bekele et al.
Texas Watershed export manure had been composted and removed 2006
from the watershed
23% mass loss for an unturned static
composting;
0 . .
Aerobic 67% mass loss for the indoor composting Gibbs et al.
U.K. Farm . turned 3 times
composting ) o 2002
Compost piles lost 8%—68% of initial TN;
gaseous N losses, primarily as NH3, accounted
for 7%—67% of the initial manure N
Aerobic Exposure to temperatures > 55 °C for 15 d Larnev and
Canada |Farm . inactivated Giardia cysts and Cryptosporidium Y
composting ) Hao 2007
oocysts in beef feedlot manure
Co- Co-composting of chicken hatchery waste and Das et al
Georgia |Farm . poultry litter was effective in eliminating 99.99% '
composting ; . 2002
of E. coli bacteria

In beef feedlot manure composting in Alberta, Canada, Larney and Hao (2007) reported that
exposure of manure to temperatures above 55 °C for a period of 15 days appears to be an
effective method of inactivating both Giardia cysts and Cryptosporidium oocysts in feedlot
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manure. The authors report mean carbon and N concentrations in eight feedlot manure
composts: total carbon 228 g/kg, TN 16.0 g/kg, soluble carbon11.3 g/kg, soluble N 1.6 g/kg.

Das et al. (2002) reported that co-composting of chicken hatchery waste and poultry litter was
effective in eliminating 99.99 percent of E. coli bacteria in Georgia. Koenig et al. (2005) reported
that alum and process controls such as moisture content, carbon source and particle size have
the potential to reduce NH; loss from poultry manure composted inside high-rise layer structures.

Constructed wetland treatment

N in wastewater from dairy and swine operations has been successfully treated in constructed
wetlands (Hunt and Poach 2001). Plants are an integral part of wetlands. Cattails and bulrushes
are commonly used in constructed wetlands for nutrient uptake, surface area, and oxygen
transport to sediment. Improved oxidation and nitrification can also be obtained by using the
open water of marsh-pond-marsh designed wetlands. High levels of N removal by denitrification
have been reported from constructed wetlands, especially when the wastewater is partially
nitrified (Hunt et al. 2009). Manure solids must be removed before wetland treatment is
essential for the wetland to function long term.

A constructed wetland to treat incoming barnyard runoff in Ireland retained greater than

60 percent of the P load delivered to the wetland (Dunne et al. 2004). A subsequent study
(Dunne et al. 2005) reported that P retention by the wetland varied with season (5—84 percent)
with lowest retention occurring in winter.

In a review of 12 constructed wetlands treating livestock wastewater on the south coast of Ireland,
Harrington and Mclnnes (2009) reported that over an 8-year period, mean reduction of total and
soluble P exceeded 95 percent and the mean removal of ammonium-N exceeded 98 percent.

Mustafa et al. (2009) reported removal efficiencies of 98 percent BOD, 95 percent COD,
94 percent SS, 99 percent ammonia N, 74 percent NO3-N, and 92 percent soluble P in dairy
wastewater treatment through a constructed wetland system in Ireland.

Lee et al. (2004) reported that average reduction efficiencies in subsurface flow constructed
wetlands in Taiwan were SS 96-99 percent, COD 77-84 percent, TP 47-59 percent, and TN
10-24 percent. While physical mechanisms were dominant in removing pollutants, the
contributions of microbial mechanisms increased with the duration of wetland use, achieving
48 percent of COD removed and 16 percent of TN removed in the last phase. Water hyacinth
made only a minimal contribution to the removal of nutrients.
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In Kansas, Mankin and lIkenberry (2004) evaluated a constructed wetland without vegetation as
a sequencing batch reactor. Using 3-week batch periods without plants, overall mass removal
averaged 54 percent for COD, 58 percent for TSS, 90 percent for TN, 72 percent for NH,,

-54 percent for NO3, 38 percent for TP, and -8 percent for PO,.

Prantner et al. (2001) reported that a U.K. wetland system treating liquid swine manure after
soil infiltration removed 94 percent of the NH3;-N and NH,4-N, 95 percent of the NO;-N, and
84 percent of the TP.

Table 2-10. Summary of reported practice effects resulting from wetland treatment

Study
Location| type Practice Practice effects Source
Retained > 60% of the P load delivered in
Ireland Farm Constructed barnyard runoff; P retention by the wetland varied |Dunne et al.
wetland with season (5%—84%) with lowest retention 2004, 2005
occurring in winter
Constructed 8-year mean reduction of total and soluble P Harrington
Ireland Review tland > 95% and the mean removal of ammonium-N and Mclnnes
wetian > 98%. 2009
Removal efficiencies of 98% BOD, 95% COD,
reland  |Farm | CONSIUCed o405 999, ammonia N, 74% NOxN, and 92% | usiafa etal.
wetland . - 2009
soluble P in dairy wastewater treatment
Constructed Average reduction efficiencies in subsurface flow Lee et al
Taiwan |Review |wetlands constructed wetlands in Taiwan were SS 96-99%, 2004 )
(subsurface flow) | COD 77-84%, TP 47-59%, and TN 10-24%"
Constructed Mass removal averaged 54% COD, 58% TSS, Mankin and
Kansas |Wetland |wetland without |[90% TN, 72% NH4, -54% NO3, 38% TP, and Ikenberry
vegetation -8% PO, 2004
Treating liquid swine manure after soil infiltration
UK. Farm gggzg(‘j“’ted removed 94% of NHs-N and NH,-N, 95% of NO,- zlra;égﬁr et
N, and 84% of TP. )
Treating dairy wastewater TN reduced 98%,
Maryland | Farm gggzg(‘j“’ted ammonia 56%, TP 96%, ortho-P 84%, SS 96%, ;Q’Icg%%fgma et
and BOD 97%; NOs/ NO, increased 82% ’
Nova Farm Constructed Load reductions from 62%—-99% for BOD, TSS, Smith et al.
Scotia wetland TP, and NH3-N treating agricultural wastewater 2006
Nova Farm Constructed Load reductions of 54% TP and 53% soluble P Wood et al.
Scotia wetland treating milkhouse wash water and liquid manure |2008
Subsurface flow
Vermont | Farm constructed Removed 75% of P mass from dairy barnyard Weber et al.
wetland with slag | runoff and milk parlor waste 2007
filter
Note:

a. Physical mechanisms were dominant in removing pollutants; the contributions of microbial mechanisms increased with
the duration of wetland use. Water hyacinth made only a minimal contribution to the removal of nutrients.
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Flow of dairy wastewater through the wetland system in Maryland resulted in significant
reductions in concentrations of all analytes except NO3/NO, (Schaafsma et al. 2000). Relative to
initial concentrations, TN was reduced 98 percent, ammonia 56 percent, TP 96 percent, ortho-P
84 percent, SS 96 percent, and BOD 97 percent. NO3/NO, increased by 82 percent, although
mean concentrations were much lower than concentrations of ammonia or TN.

In Nova Scotia, Smith et al. (2006) reported load reductions from 62 to 99 percent for BOD,
TSS, TP, and NH3-N in wetlands treating agricultural wastewater. Also in Nova Scotia, Wood et
al. (2008) reported mass reductions of 54 percent for TP and 53 percent soluble P over 4 years
in a surface flow constructed wetland milkhouse wash water and liquid manure. In Vermont, a
subsurface flow constructed wetland with a slag filter removed 75 percent of P mass from dairy
barnyard runoff and milk parlor waste (Weber et al. 2007).

Other biological treatment

A multiple-pond system (APS) treating dairy milking parlor effluent in New Zealand produced
effluent with 50-60 percent less BOD, TSS, TKN and ammonia-N than equivalently sized
two-pond systems with medians of 43, 87, 61, and 39 mg/L, respectively. TP was reduced by
70 percent to 19 mg/L. E. coli were reduced in the APS by two orders of magnitude to

918 MPN/100 mL (Bolan et al. 2009).

In Morocco, El Hafiane et al. (2003) reported average removals of 70 percent for N and

40 percent for P in a high-rate algal pond treating wastewater. Water hyacinth ponds were
reported to achieve approximately 50 percent removal of applied organic loads (COD, BOD, TN,
and TP) from swine waste in Brazil (Costa et al. 2000).

In Scotland, an algal-based bioreactor achieved sustained nutrient removal efficiencies (up to

99 percent and 86 percent for NH;-N and PO,-P, respectively) from swine wastewater while total
COD was removed up to 75 percent (Gonzalez et al. 2008). Lu et al. (2008) augmented a wetland
treating duck waste in China with water hyacinth and reported removal of 64 percent of COD,

22 percent TN, and 23 percent TP loads. The hyacinth was harvested and recycled as duck feed.

Anaerobically digested dairy manure effluent was treated with algal turf scrubber raceways in
Maryland (Mulbry et al. 2008). Removal rates of 70 to 90 percent of input N and P were
achieved at loading rates below one g TN, 0.15 g TP /m%d; N and P removal rates decreased to
50-80 percent at higher loading rates.
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Table 2-11. Summary of reported practice effects resulting from other biological treatment

Study
Location | type Practice Practice effects Source
Treating dairy milking parlor effluent produced
effluent with 50%—60% less BOD, TSS, TKN
New Farm Multiple pond and ammonia-N than equivalently sized two- Bolan et al.
Zealand system pond systems. TP was reduced by 70% to 2009
19 mg/L. E. coli reduced by two orders of
magnitude.
Morocco Farm High-rate algal averaged removals of 70% N and 40% P El Hafiane et
pond al. 2003
Brazil Farm Water hyacinth | About 50% removal of applied organic loads Costa et al.
ponds (COD, BOD, TN, TP) from swine waste 2000
o Removed 99% NH4-N, 86% of PO,-P, and 75% | Gonzalez et
Scotland Farm | Algal bio-reactor of COD mass from swine wastewater al. 2008
China Farm Water hyacinth | Removed 64% COD, 22% TN, and 23% TP Lu et al.
wetland loads from duck waste® 2008
Treating anaerobically digested dairy manure
Algal turf effluent, removal rates of 70-90% of input N and Mulbry et al
Maryland | Farm sc?ubber P were achieved at loading rates below 1 g TN, 2008 y '
0.15 g TP /m%d; N and P removal rates
decreased to 50-80% at higher loading rates.
) Entrapped | pomoved 84% of COD and 98% of TP from Yang et al.
Hawaii Farm | mixed microbial . X
dilute swine wastewater 2003
cells process
Note:

a. Water hyacinth was harvested and recycled as duck feed.

An entrapped mixed microbial cells process was used to investigate the simultaneous removal
of carbon and N from dilute swine wastewater in Hawaii (Yang et al. 2003). COD removal
efficiencies were 84 percent and TP removal efficiencies of 98 percent were achieved.

Air quality

Ammonia, dust, and odors associated with animal agriculture—especially on large facilities—
can be important local air pollutants. For example, Melse and Timmerman (2009) reported that
N emissions in exhaust air from pig houses in the Netherlands can represent as much as

25 percent of the TN excretion by the animals. Airborne ammonia can also become a significant
water pollutant when deposited in local waterbodies. Indoor air quality can affect animal health
as well, especially at large poultry and hog facilities. Animal production facilities can be
important producers of greenhouse gases (van der Meer 2008).

Chapter 2. Agriculture

2-55



Guidance for Federal Land Management in the Chesapeake Bay Watershed

Uliman et al. (2004) reviewed abatement technologies available to reduce atmospheric
emissions from animal production facilities and summarized the following:

e Scrubbers have been shown to reduce odors by 60—-85 percent and to reduce ammonia
by 15—45 percent.

o Filter systems can reduce airborne dust from broiler operations by up to 50 percent.

¢ Biofilters can exhibit 90 percent or better reductions of odor-causing chemicals such as
hydrogen sulfide, methanethiol, dimethyl sulfide, and dimethyl disulfide.

¢ |onization systems can reduce dust concentrations 68—92 percent.

¢ Indoor ozone systems can decrease total dust concentrations by 60 percent and
ammonia levels by 58 percent compared to similar buildings without ozone treatment.

The authors added that poultry litter amendments such as sodium bisulfate and alum can
reduce odor and ammonia emissions and natural windbreaks can provide an entrapment
mechanism for odorous compounds that require minimal maintenance. Windbreaks placed
downwind of exhaust fans and litter storage areas can provide an economical management
practice for broiler producers when used in conjunction with other air-cleaning practices.

In Kentucky, Singh et al. (2009) reported that adding a commercially available urease inhibitor
to poultry litter resulted in a significant reduction in equilibrium ammonia concentration over time
by disrupting the enzymatic degradation of uric acid.

Melse and Timmerman (2009) reported average ammonia removal efficiencies of 70-96 percent
for farm-scale operated acid scrubbers on swine facilities in the Netherlands. Reported average
removal efficiency for odor was only 31 percent and showed a large variation. Multi-pollutant
scrubbers removed an average of 66 percent of ammonia, 42 percent of odor, 50 percent of
PM;o, and 57 percent of PM,s.

Adrizal et al. (2008) evaluated the potential of trees planted around Pennsylvania commercial
poultry farms to trap ammonia and dust or particulate matter. Results indicated that poplar,
hybrid willow, and Streamco willow are appropriate species to absorb poultry house aerial NH3-
N, whereas spruce and hybrid willow are effective traps for dust and its associated odors.

Koenig et al. (2005) reported that alum and process controls such as moisture content, carbon
source and particle size have the potential to reduce ammonia loss from poultry manure
composted inside high-rise layer structures. Although both low moisture and temperature
reduced NHj; capture, managing temperature and moisture to achieve low NH; would adversely
affect microbial activity and other desired benefits of composting.
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In a Texas laboratory study, Shi et al. (2001) evaluated amendments for reducing ammonia
emissions from open-lot beef cattle feedlots and found that cumulative ammonia emissions after
21 days compared to the untreated control were 2—8 percent for alum, 22—29 percent for CaCl,,
32-40 percent for humate, 34-36 percent for a urease-inhibitor NBPT, and 68—74 percent for a
commercial product.

In North Carolina, Szogi and Vanotti (2007) demonstrated that solid-liquid separation
technologies can substantially reduce ammonia emissions from anaerobic swine lagoons.
Ammonia emissions from a lagoon with solid-liquid separation had 73 percent lower ammonia
emissions compared to an anaerobic lagoon.

Table 2-12. Summary of reported practice effects for air quality issues

Study
Location type Practice Practice effects Source
Scrubbers can reduce odors by 60%—85% and
reduce ammonia by 15%—-45%
Filter systems can reduce airborne dust from
broiler operations by up to 50%
Biofilters can exhibit 90% or better reductions
. . of odor-causing chemicals Ullman et al.
Numerous Review Various o
lonization systems can reduce dust 2004
concentrations 68%—92%
Indoor ozone systems can decrease total dust
concentrations by 60% and ammonia levels by
58% compared to similar buildings without
ozone treatment
Average 70%—96% ammonia removal, 31%
Acid odor removal on swine facilities; multi-pollutant Melse and
Netherlands |Farm o » MUTt-p o Timmerman
scrubbers scrubbers removed 66% of ammonia, 42% 2009
odor, 50% PM;q removal, and 57% PM, 5
Poplar, hybrid willow, and Streamco willow
Pennsvivania | Farm Tree absorb poultry house aerial NH3-N; whereas Adrizal et al.
y windbreaks |spruce and hybrid willow are effective traps for | 2008
dust and odors.
21-day cumulative ammonia emissions
compared to untreated control were: 2%—8%
Texas Laborator Beef feedlot |for alum, 22%—-29% for CaCl,, 32%—40% for Shi et al.
Y| amendments humate, 34%—-36% for a urease-inhibitor 2001
NBPT, and 68%—74% for a commercial
product.
North Liquid-solid Ammon|a emissions frorII a lagoon with §ol|d- Szogi and
. Farm . liquid separation had 73% lower ammonia ;
Carolina separation . . Vanotti 2007
emissions compared to an anaerobic lagoon.
.. o
North Aerobic Reduced GHG emissions 96.9 %, from 4,972 t Vanotti et al.
. Farm to 153 t of carbon dioxide equivalents
Carolina lagoon 2008
(CO,-eq)lyr
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Replacing swine waste lagoon technology with cleaner aerobic technology in North Carolina
reduced GHG emissions 96.9 percent—from 4,972 metric tons (MT) to 153 MT of carbon
dioxide equivalents (CO,-eq)/yr (Vanotti et al. 2008).

Practice Costs

Systematic cost data for most practices are rarely given in the scientific literature; better cost
data might be available on a state or county basis from producers, groups, or agencies funding
or managing implementation. Among reported cost data, there is a lack of consistency in unit
costs (e.g., $/cow, $/kg P removed, or $/L of waste treated) that sometimes makes comparison
among practices difficult. Cost figures are reported in dollars for the year given by the authors.

In laboratory studies, Jones and Brown (2000) estimated chemical cost (2010 dollars) for
combinations of alum and PAM of $74-$200/kg ortho-P removed from dairy wastewater. For
supplementary precipitation of soluble P in the treatment of dairy manure by mechanical
separation, Oh et al. (2005) estimated costs for alum and polymer addition of about $3.21 per
1,000 L (2010 dollars) of treated manure slurry.

Moore et al. (2000) found that alum applications to poultry litter was cost-effective, with a
benefit/cost ratio of 1.96 partly from heavier birds, better feed conversion, and lower energy use
to vent ammonia from the houses.

In a cost analysis of anaerobic digestion and methane production, Garrison and Richard (2005)
noted that the economic feasibility of the energy conversion technology varies widely with scale,
with significant advantages for larger facilities. Farrow-to-finish and finishing swine operations
needed more than 20,000 head and 5,000 head, respectively, to be economically feasible. Dairy
operations in the midwestern United States hold considerably more economic promise, with
feasible herd counts in the 150- to 350-head range for electricity prices of $0.13/kWh (2010
dollars). Results indicate that increased energy prices and financial assistance will be needed to
encourage significant numbers of facilities to recover energy from manure.

In Virginia, covered lagoon anaerobic digesters run from about $112/head for swine to about
$318/head for dairy, with plug-flow digesters for dairy costing just under $700/head (USDA-
NRCS 2010). Typical total costs are about $112,000 for covered lagoons for swine, $240,000
for covered lagoons for dairy, and just over $512,000 for plug-flow anaerobic digesters for dairy.

Brodie et al. (2000) studied technologies to manufacture compost from poultry litter and
reported that screened compost was produced at an operational cost of $37 (2010 dollars) while
unscreened compost could be produced for about $25 per ton of compost. A production scheme
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where poultry litter is a static pile composted on farms for later transport to regional processing
centers appeared feasible.

Kemper and Goodwin (2009) reported that in composting poultry litter and eggshell waste into a
marketable soil amendment, compost could be produced at an average cost of $17.73 to
$20.38/ton (2010 dollars) for small-scale and large-scale systems, respectively. The cost for
disposing of eggshell waste in landfills was $25.36/ton (2010 dollars).

Static pile/windrow composting facilities with a concrete floor that are used for vegetative
materials cost about $55/yd>, with typical facilities costing about $18,100 (USDA-NRCS 2010).
Animal mortality composting facilities cost about $330/yd? for either poultry or swine. Typical
dead-poultry composting facilities cost about $12,000, whereas typical dead-swine composting
facilities cost much more—about $35,000. A static pile/windrow composter with a concrete floor
for animal mortality is a lower cost option that runs about $107/yd®, with typical total costs of
under $9,500. Larger (1,500-lb capacity) dead-animal incinerators cost about $10.60 per pound
of capacity, while smaller incinerators (400-Ib capacity) cost $23.44 per pound of capacity, with
typical costs of about $16,000 and $9,500 each for larger and smaller incinerators, respectively.
Gasification units are a higher-end option for dead animals, ranging from just over $58 to nearly
$150 per pound of capacity, with units typically costing $40,000 to $70,000 depending on size.
Even more expensive are forced aeration composters. They can cost from about $900 to
$1,300/yd® depending on capacity and whether a grinder is included, with typical facility costs
ranging from about $130,000 each to just over $250,000 each.

In a study of using filamentous green algae grown in outdoor raceways to treat dairy manure
effluent, Mulbry et al. (2008) projected annual operational costs of $788 per cow (2010 dollars).
For comparison, the operational costs of $11.12 per kg N removed are well below the costs
cited for upgrading existing water treatment plants.

Vegetative environmental buffers (strategically planted trees and shrubs) around poultry houses
cost $4.05/ft in the form of containerized plants, with typical costs reaching $4,055 in Virginia
(USDA-NRCS 2010). Windbreaks or shelterbelts consisting of pines, hardwoods, and mixed
shrubs cost $82.50, $909, and $1,453 per acre, respectively, with respective typical total costs
of $41.25, $456, and $726.

Shi et al. (2001) calculated the costs of six amendments for reducing ammonia emissions from
open-lot beef cattle feedlots, ranging from $0.15 to $6.81 (2010 dollars) per application per
head. Only one treatment had a benefit/cost ratio greater than 1.0. Results suggest that
amendments can reduce ammonia emissions from open feedlots, but the costs might be
prohibitive.
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Vanotti et al. (2008) analyzed GHG emission reductions from implementing aerobic technology
on swine farms in North Carolina and estimated emission reductions of 4,776.6 MT CO,-eq per
year or 1.10 MT CO-eqg/head per year. The dollar value from implementation was $19,312/year
(2010 dollars) using current Chicago Climate Exchange trading values of $4.04/t CO, (2010
dollars). That translates into a direct economic benefit to the producer of $1.77 (2010 dollars)
per finished pig. The authors suggest that GHG emission reductions and credits can help
compensate for the higher installation cost of cleaner aerobic technologies and facilitate
producer adoption of environmentally superior technologies to replace current anaerobic
lagoons.

In studies of poultry litter amendments to reduce odor and ammonia volatilization, Ullman et al.
(2004) found that sodium bisulfate and alum treatments ranged in price from $253 to $530 per
ton (2010 dollars), resulting in a cost of $13 to $18 for 92.9 m? (1,000 ft?) at recommended
application rates. Another cost benefit analysis showed that ammonia reduction by ventilation
during cold periods would cost $4,400 per flock (19,000 birds weighing four Ib each).

Unit and typical total costs for various amendments to treat agricultural waste are the following
(USDA-NRCS 2010):

e Ferric sulfate or alum for broiler house litter: $0.199/ft, $3,750 total

o Ferric sulfate or alum for turkey or rooster house litter: $0.159/ft%, $3,000 total
e Liquid alum treatment for very dry broiler house litter: $0.268/ft?, $5,060 total
e Liquid alum treatment for turkey or rooster house litter: $0.214/ft2, $4,050 total
e Sodium bisulfate treatment for broiler house litter: $0.205/ft?, $3,880 total

e Sodium bisulfate treatment for turkey or rooster house litter: $0.164/ft%, $3,100 total
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3 Implementation Measures and Practices for
Cropland In-Field Control

The best approach to minimize nutrient transport to local waters depends on whether the
nutrient is in the dissolved phase or is attached to soil particles. For dissolved nutrients,
effective management includes source reduction and reduction of water runoff or leaching.
Erosion and sediment transport controls are necessary to reduce transport of nutrients attached
to soil particles. Practices that focus on controlling the transport of smaller soil particle sizes
(e.g., clays and silts) are most effective because they are the soil fractions that transport the
greatest share of adsorbed nutrients.

3.1 Field Nutrient Management

Strategies for in-field control on cropland focus on managing the form, application method, and
timing of waste and nutrient applications and on controlling soil conditions to reduce the
potential for runoff of nutrients. Pasture management strategies address managing animal
stocking rates and timing as well as maintaining vigorous vegetation to provide for soil stability
and nutrient recycling.

Implementation Measure A-10:

Manage nutrient applications to cropland to minimize nutrients available for runoff.
In doing so
e Apply manure and chemical fertilizer during the growing season only

e Do not apply any manure or fertilizer to saturated, snow-covered, or
frozen ground

e Inject or otherwise incorporate manure or organic fertilizer to minimize
the available dissolved P and volatilized N

e Apply nutrients to HELs only as directed by the nutrient management
plan, while at the same time implementing all aspects of the soil
conservation plan

In many crop areas, nutrient imports into the watershed from feed and fertilizers exceed nutrient
exports in crops and livestock produced; that imbalance often exists at both the individual field
and the watershed level (Beegle 2000). In such circumstances, nutrients can accumulate in
soils from over-application of fertilizer or animal waste relative to crop need. Excessive soll
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nutrient levels have been linked to high P losses in runoff and leaching losses of N, especially in
areas of animal-based agriculture.

Nutrient management is an important tool to match nutrient inputs more closely to crop needs.
The USDA-NRCS Nutrient Management Practice (NRCS Practice Code 590) generally defines
nutrient management as, “managing the amount, source, placement, form and timing of the
application of nutrients and soil amendments.” The Nutrient Management Practice can be
applied for a number of purposes:

o To budget and supply nutrients for plant production
e To properly use manure and organic byproducts or biosolids as a plant nutrient source
¢ To minimize agricultural nonpoint source pollution of surface and ground water resources

e To protect air quality by reducing N emissions and the formation of atmospheric
particulates

¢ To maintain or improve the physical, chemical, and biological condition of soil

This section presents information concerning several management practices to manage
nutrients on cropland to reduce nutrient losses:

o Manure and fertilizer form and rate—selecting the form (N and P amounts in solid,
semi-solid, or liquid manure) and rate of nutrients applied to cropland to reduce runoff or
leaching losses

¢ Nutrient application methods and timing—selecting the method and timing of manure
or fertilizer application to cropland to support crop growth and reduce runoff or leaching
losses

¢ Nutrient management planning—preparing and implementing a comprehensive plan to
manage nutrients from all sources to provide for crop growth while minimizing runoff and
leaching losses of nutrients

¢ Soil and manure amendment—treating soils or manure to reduce the availability or
mobility of nutrients

Using the products and methods described in this section should be considered carefully
relative to existing practices because timing and placement of fertilizers play an important role in
maximizing NUE. For example, if a producer replaces side dressing with use of a urease
inhibitor, the timing and fertilizer placement must be a factor in the decision to switch. Also,
emerging technologies will allow producers who use no-till on their cropland to inject manure so
that no-till is continuous. That type of technology is welcome and should continue to be
developed and widely implemented.
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Reference documents are available that provide guidance on selection of practices with
consideration for fertilizer source as well as timing, placement, and rate of application. Some
examples are listed below (all Web sites were accessed April 24, 2010). Other regional- or
state-specific guidance should be available from NRCS Field Offices and Land Grant
Universities in each state.

EPA’s National Management Measures for the Control of Nonpoint Pollution from
Agriculture

NRCS Agricultural Waste Management Field Handbook

eXtension Resource Areas including Animal Manure Management and several industry-
specific resource areas (http://www.extension.org/main/communities)

Fertilizer Nitrogen BMPs to Limit Losses that Contribute to Global Warming (Snyder
2008)

Best Management for Fertilizers on Northeastern Dairy Farms (Bruulsema and
Ketterings 2008)

Optimizing Nitrogen Fertilizer Decisions (Nielsen 2001)

Cornell University’s Whole Farm Nutrient Management Tutorials
(http://instruct1.cit.cornell.edu/Courses/css412/index.htm)

Penn State Cooperative Extension Nutrient Management Planning Tools and Resources
(http://panutrientmgmt.cas.psu.edu/main_planning_tools.htm)

Penn State Agronomy Guide, Section 2 Soil Fertility Management,
(http://agguide.agronomy.psu.edu/cm/sec2/sec2toc.cfm)

Delaware Nutrient Management Program Publications and Resources
(http://dda.delaware.gov/nutrients/NM Pubs resources.shtml)

University of Maryland Agricultural Nutrient Management Program
(http://anmp.umd.edu/)

West Virginia University Extension Service Nutrient/Waste Management Web page
(http://www.wvu.edu/~agexten/wastmang/index.html)

EPA encourages producers to consult with crop advisors, nutrient management planners,
NRCS Field Offices and Cooperative Extension Services for assistance in evaluating the
relative costs and benefits of a particular practice or system.
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Practice Effectiveness

Manure and fertilizer form and rate

Chien et al. (2009) reviewed recent developments of fertilizer production and use that improve
nutrient efficiency and minimize environmental impact. Improving N use efficiency includes
using the following:

e Controlled-release coated urea products
¢ Nitrification inhibitors (NI) to reduce NOj; leaching and denitrification
e Urease inhibitors to reduce ammonia hydrolysis from urea, with subsequent volatilization

¢ Ammonium sulfate to enhance N efficiency of urea by reducing ammonia volatilization
from urea

As indicated above, field conditions and relative benefits must be carefully considered when
evaluating use of these products to improve N use efficiency. Nielsen (2006) reports that, even
when compared to urease inhibitors or nitrification inhibitors, using a more traditional sidedress
application strategy remains one of the easiest and least expensive ways to maximize N use
efficiency because other application methods need to be carefully matched to the N fertilizer
source to minimize the risk of N loss before plant uptake.

Little research is available that directly compares the effectiveness of ammonium sulfate versus
urease inhibitors in reducing ammonia volatilization from urea. A widely used and intensively
researched urease inhibitor has been shown to reduce ammonia volatilization by an average of
60 percent compared to urea alone (Cantarella et al. 2005). Other studies (Fleisher and Hagin
1981, Kumar and Aggarwal 1998, and Goos and Cruz 1999) found that application of
ammonium sulfate 2 to 4 weeks in advance of urea reduced ammonia volatilization by
approximately 50 percent.

Practicality and cost are also important considerations. Goos and Cruz (1999) suggest that
application of ammonium sulfate in advance of urea could be limited in practical application
because it is not always possible to replicate the fertilizer applications in the same field location.
Other studies (Lara-Cabezas et al. 1992, 1997; Oenema and Velthof 1993; Vitti et al. 2002)
suggest that substituting ammonium sulfate for part of the urea mixture at application could be
effective in reducing ammonia volatilization, but as Chien et al. (2009) point out, this use must
be weighed in terms of its relative cost including an increase in the transportation cost for
ammonium sulfate compared to urea because ammonium sulfate contains less N.

Chien et al. (2009) report that slow-release urea-aldehyde polymer fertilizers are generally more
efficient than soluble N sources when the gradual supply of N is an advantage to crops. Under
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certain conditions, however, using slow-release urea-aldehyde polymer products might provide
no production advantage. For example, Cahill et al. (2007) reported that grain yield and N use
efficiency with urea NHsNO; solution was statistically similar to or better than with urea
formaldehyde polymer. Shaviv (2005) reports that the high cost of slow-release polymers limits
their use in agriculture, but the potential for increased use is high where the products have been
shown to increase nutrient recovery, sustain high yields, and reduce nutrient losses and
associated environmental impacts based on reduced application levels and the ability to match
release characteristics with plant demand. Bundick et al. (2009) describe advantages for the
use of controlled-release fertilizers including reduced leaching, denitrification or volatilization
losses, and more uniform crop growth because of reduced risk of seedling burn or salt damage.
Disadvantages include cost, ineffectiveness when a quick release is needed (e.g., when side
dressing corn at the 6-leaf stage).

Using urea supergranules for deep placement has been shown to improve N use efficiency
used in small-scale rice production where plants are fertilized by hand. If problems related to
labor cost and difficulty in deep placement of urea supergranules in upland soils can be solved,
Chien et al. (2009) expect that deep placement of urea supergranules should also perform well
as an N source for upland food crops.

Using nonconventional P fertilizers includes phosphate rock (PR) for direct application, a
mixture of PR and water-soluble P sources, and nonconventional acidulated P fertilizers
containing water-insoluble P compounds (Chien et al. 2009). PR has been studied for
agronomic use for more than 50 years and can be agronomically beneficial depending on the
solubility of PR, soil properties, management practices, climate, and crop species. For example,
it is most effective where the PR is highly reactive and when used in acidic soils or tropical
climates. Several decision support systems (PRDSS) have been developed to help integrate
such factors to evaluate the effectiveness of PR for direct application under specific conditions.
Where use of PR is not as feasible as water-soluble P sources, PR can be mixed with water-
soluble P sources to economically achieve the same results as use of the water-soluble P
source or PR alone because the water-soluble P source has a starter effect that allows for
better initial root development, resulting in more effective PR utilization. Recent research has
focused on eutrophication reduction when PR is used to replace water-soluble P sources as
well as the use of PR in organic farming. Several studies have been conducted under controlled
conditions to determine the relative effectiveness of nonconventional acidulated fertilizers made
from lower quality PR ore compared to those with a higher proportion of water-soluble P. The
review stresses that additional field studies are needed to adequately evaluate the agronomic
use of PR under a variety of conditions.

Chien et al. (2009) indicate that using fluid P fertilizers can improve the efficiency of
conventional P fertilizers, although additional research is needed. Recent research in Australia
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indicates that fluid P fertilizers were more effective than the commercial granular P fertilizers

using the same P compound in increasing crop yield in calcareous and alkaline soils (Holloway
et al. 2001) and that total and labile P from fluid sources diffused further into the soil than when
granular sources are used (Hettiarachchi et al. 2006; Lombi et al. 2004). However, a number of
earlier studies also showed no difference in P use efficiency between liquid and granular forms.

Slow-release fertilizer (SRF) and controlled-release fertilizer (CRF) materials can improve
nutrient uptake efficiency and reduce the leaching potential of nutrients (Morgan et al. 2009).
Those considerations are particularly important for crops grown on sandy soils with relatively
low nutrient- and water-holding capacities.

In New Zealand, Sojka (2009) compared the efficacy of matrix-based fertilizers (MBFs)
formulated to reduce NO3;, ammonium, and TP leaching with conventional SRFs, and an
unfertilized control. SRF leachate contained higher amounts of NO3;, ammonium, and TP than
leachate from all other fertilizers. There were no consistent differences in the amount of NOs,
ammonium, and TP in the MBF leachates compared to the control leachate.

Penn et al. (2004) tested the effects of phytase enzyme and HAP corn supplemented diets on
runoff P concentrations from Virginia pasture soils receiving surface applications of turkey
manure. The alternative diets caused a decrease in manure total and water-soluble P compared
with the standard diet. Runoff dissolved P concentrations were significantly higher from HAP
manure-amended soils, while dissolved P losses from other manure treatments were not
significantly different from each other.

In a laboratory study, Loria and Sawyer (2005) compared the effect of raw and digested liquid
swine manure application on soil test P and inorganic N. Raw and digested manure produced
the same NH4-N disappearance, NO3-N formation, net inorganic N, and an increase in soil test
P. Routine soil test P methods estimated similar P recovery with both manure sources.

In lowa, Loria et al. (2007) found no difference between raw swine manure and manure
digested for biogas as a source of N for plant use in the year of application or in the residual
year; equivalence to fertilizer N was the same with both raw and digested swine manure.

In Georgia, Risse and Gilley (2000) reported that runoff was reduced from one to 68 percent,
and soil loss decreased from 13 to 77 percent for locations on which manure was added
annually. Measured runoff and soil loss values were found to be strongly influenced by manure
application rates. Regression equations were developed relating reductions in runoff and soil
loss to manure application rates.
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In Colorado, Shoiji et al. (1999) conducted field trials on CRFs and an NI to show their potential
to increase NUE. TN fertilizer losses averaged 15 and 10 percent in the NI and urea treatments,
respectively. On the other hand, those from the CRF treatment averaged only 1.9 percent,
indicating that CRF showed the highest potential to increase N use efficiency.

King and Torbert (2007) designed an Ohio plot study to compare temporal losses of NO3;-N and
NH,4-N from three SRFs (sulfur-coated urea, composted dairy manure, and poultry litter) and

one fast-release fertilizer (NH,NO3) applied to Bermuda grass turf. Cumulative NO3-N loss from
plots receiving application of the manufactured (NH4NO; and sulfur-coated urea) products was

significantly greater than the measured losses from plots receiving application of composted

dairy manure and poultry litter. The cumulative NO3-N recovered in the runoff expressed as a
proportion of applied N was 0.37 for NH4;NO3;, 0.25 for sulfur-coated urea, 0.10 for composted
dairy manure, and 0.07 for poultry litter.

Table 2-13. Summary of reported practice effects resulting from management of manure and

fertilizer form and rate

Location

Study
type

Practice

Practice effects

Source

New
Zealand

Plot

Fertilizer
formulation

Leachate from conventional SRFs contained
higher amounts of NO3;, ammonium, and TP than
leachate from all other fertilizers

Sojka 2009

Brazil

Field

Urease
inhibitor

The percentage of reduction in volatilization due
to NBPT application ranged from 15% to 78%
depending on the weather conditions during the
days following application of N. Addition of NBPT
to urea helped to control ammonia losses, but
the inhibitor was less effective when rain
sufficient to incorporate urea into the soil
occurred only 10 to 15 days or later after fertilizer
application.

Cantarella et
al. 2005

North
Carolina

Field

Slow-release
urea
formaldehyde
polymer

In all cases aqueous urea ammonium nitrate
(UAN) outperformed or was statistically similar to
urea formaldehyde polymer (UFP). UFP would
be economically viable only if priced similar to
UAN. UFP released N on a time scale similar to
UAN (1 to 2 weeks). Similarity of the two N
sources might have been because the release
rate of UFP might not be optimal for the crops or
varieties at the chosen application timings.

Cahill et al.
2007

Australia

Field

Fluid P
fertilizer

70 of 103 wheat experiments showed positive
yield increases compared to granular P sources
when fluids were applied over calcareous soils.
The positive increase rate with fluids was much
greater when micronutrients were applied in
solution with P and N.

Holloway et
al. 2001
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Table 2-13. Summary of reported practice effects resulting from management of manure and
fertilizer form and rate (continued)

Location

Study
type

Practice

Practice effects

Source

Australia

Laboratory

Fluid P
fertilizer

When P is supplied in granular form, P diffusion
and isotopic lability in calcareous soils are
reduced compared with equivalent liquid fertilizer
formulations, probably due to precipitation
reactions induced by osmotically induced flow of
soil moisture into the fertilizer granule.

Hettiarachchi
et al. 2006;
Lombi et al.
2004

Virginia

Field

Poultry litter
from phytase
and HAP
feeding

Alternative diets decreased manure total and
water-soluble P compared with the standard diet.
Runoff dissolved P concentrations were
significantly higher from HAP manure-amended
soils than from phytase manure applications,
while dissolved P losses from other manure
treatments were not significantly different from
each other.

Penn et al.
2004

lowa

Plot

Slow release
fertilizers

Raw and digested manure produced the same
NH4-N disappearance, NO3-N formation, net
inorganic N, and an increase in soil test P.
Routine soil test P methods estimated similar P
recovery with both manure sources.

Loria and
Sawyer 2005

lowa

Plot

Raw vs.
digested
swine manure

No difference between raw swine manure and
manure digested for biogas as a source of N for
plant use in the year of application or in the
residual year; equivalence to fertilizer N was the
same with both raw and digested swine manure.

Loria et al.
2007

Georgia

Fields

Manure
application
rates

Runoff was reduced from 1%—68%, and soil loss
decreased from 13%—77% where manure was
added annually. Measured runoff and soil loss
values were found to be strongly influenced by
manure application rates; regression equations
were developed relating reductions in runoff and
soil loss to manure application rates.

Risse and
Gilley 2000

Colorado

Field trials

CRF, NlIs

TN fertilizer losses averaged 15% and 10% in
the NI and urea treatments, respectively. N
losses from the controlled release fertilizer
treatment averaged only 1.9%

Shoji et al.
1999

Ohio

Plot

SRFs

Cumulative NOs-N loss from plots receiving
application of manufactured (NH4;NO; and sulfur-
coated urea) products was significantly greater
than the measured losses from plots receiving
application of composted dairy manure and
poultry litter. The cumulative NO3-N recovered in
the runoff expressed as a proportion of applied N
was 0.37 for NH4sNO3, 0.25 for sulfur-coated
urea, 0.10 for composted dairy manure, and 0.07
for poultry litter.

King and
Torbert 2007
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Nutrient application methods and timing

In soil column and field studies in New York, Geohring et al. (2001) reported that high P
concentrations observed in tile drain effluent soon after dairy manure application can be
attributed to macropore transport processes. Plowing-in manure apparently disturbs these
macropores and promotes matrix flow, resulting in greatly reduced P concentrations in the
drainage effluent.

In New York, Lewis and Makarewicz (2009) reported significant decreases in winter
concentrations of TP, soluble P, TKN, and NO3-N but not TSS following cessation of winter dairy
manure application to cropland.

Chen and Samson (2002) investigated the effects of fertilizer source and manure application
timing, rate, and method on soil nutrient concentrations, corn grain yields, and groundwater NO3
concentrations in Ontario, Canada. In general, higher NO3-N concentrations were observed in
those plots where N sources had been applied shortly before soil sampling. Trends of residual
NOs;-N concentrations varied among experiments, and results were inconclusive. Two-fold
higher P concentrations were observed in the manured plots than in the inorganically fertilized
plots as a result of higher P,Os inputs from swine manure.

In Kansas plots, Reiman et al. (2009) tested the effect of manure placement depth on corn and
soybean yield and N retention in soil. The net effect of placement on TN was that deep manure
injection treatments had 31-59 more kg N/ha than the shallow injection treatment 12 to 30
months after application. Higher corn yield in the deep-injected treatment was attributed to
increased N use efficiency. Higher inorganic N amounts in the deep injection treatment were
attributed to reduced N losses through ammonia volatilization, leaching, or denitrification.

Ali et al. (2007) tested simplified surface irrigation of dairy farm effluents in Quebec, Canada,
and reported that seepage losses represented less than one percent of the total volume of
effluents (nutrients and bacteria) applied; nutrients and bacteria applied were lost in subsurface
drainage, implying a treatment efficiency of greater than 99 percent compared to conventional
land spreading.

On-farm trials were conducted near Ottawa, Ontario, to determine the effect of preplant and
sidedress fertilizer N application on corn yield, N uptake and N,O gas emission (Ma 2007). Data
showed that for each kg N applied, 70-77 kg ha™ of yield was produced for sidedress compared
to 46—66 kg of yield for preplant N application. When the same amount of fertilizer was applied,
significantly greater yield (7.6—10.6 percent) was produced with sidedress than preplant N
application. Ebelhar et al. (2009) tested nine different N sources in part to determine the N use
efficiencies for new fertilizer technologies and evaluate their effects on crop yields. In general,
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for wet sites, the sidedress injection of N provided the highest corn yields and best N use
efficiencies (with a polymer coated urea product second). Note that the sidedress treatment at
dry locations appear to be a detriment, likely because dry conditions prevented N from reaching
the corn roots when needed.

Harmel et al. (2004) conducted a paired watershed study to evaluate the impact of variable rate
N fertilizer application on surface water quality. Few water quality differences were observed
during the first year, but overall median NO3; + NO2-N concentrations were significantly lower for
the variable rate field receiving sidedress N applications in the second year.

In an Ontario, Canada, plot study, Coelho et al. (2006) determined the effects of rate and
method of sidedress application of liquid swine manure on N recovery by corn using in-row
injection or topdressing to sidedress manure. Coelho et al. (2006) measured grain N uptake and
NOs-N in drainage water, stalks, and topsoil postharvest. Apparent recovery of manure TN was
greater with injection (59 percent) than topdress (41 percent) and transport of N to groundwater
and surface water was minimized when side dressed at or below rates for optimal yield. When
injected N exceeded crop demand, NOs-N increased to more than 10 mg/kg in topsoil, 20 mg/L
in drainage water, and to excessive (3.6 g/kg) levels in stalks.

Drainage NO3-N concentration and load increased linearly by 0.69 mg NOs-N/L and 4.6 kg NO;-
N/ha, respectively, for each 10 kg N/ha applied over the minimum of 275 kg N/ha in trials of
swine waste application to corn in Spain (Dauden et al. 2004). An increase in irrigation
efficiency did not induce a significant increase of leachate concentration, and the amount of NO;
leached decreased about 65 percent. Application of low manure doses before sowing
complemented with side dressing N application and good irrigation management were found to
be key factors to reduce NO3; contamination of water courses.

Hebbar et al. (2004) compared fertigation with various fertilizer sources, rates, and application
methods with drip- and flood-irrigated controls in a red sandy loam soil in India. They found that
fertigation with 100 percent water-soluble fertilizer (WSF), subsurface drip fertigation, N-
potassium fertigation, and half soil-half fertigation increased the hybrid tomato yield significantly
over the controls. Significant yield reduction was recorded with 75 percent rate fertigation and
normal fertilizer fertigation compared to WSF fertigation. WSF fertigation resulted in a
significantly higher number of fruits per plant and fertilizer use efficiency compared to drip- and
furrow-irrigated controls. Fertigation also resulted in less leaching of NO;-N and K to deeper soil
layers. Subsurface drip fertigation resulted in higher assimilable P in deeper soil layers. Root
growth and NPK uptake was increased by WSF fertigation. Tan et al. (2003) studied the effects
of drip irrigation and fertigation on yield, quality, and water and NUE of tomatoes. They found no
significant difference in marketable tomato yields between broadcast fertilizer and fertigation for
both subsurface and surface drip irrigation on a loamy sand soil.
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Various micro-irrigation systems were used to evaluate the impact of fertigation and soil type on
the potential for NO; leaching to groundwater (Gardenas et al. 2005). Seasonal leaching was
found to be highest for coarse-textured soils. Modeling also showed that fertigation at the
beginning of the irrigation cycle tends to increase seasonal NO; leaching, whereas fertigation at
the end of the irrigation cycle reduced the potential for NO3 leaching. Long fertigation times
resulted in uniform NOj distributions in the wetted regions for three of the four irrigation
systems. Surface-applied irrigation on finer-textured soils enhanced lateral spreading of water
and nitrates with subsequent infiltration downwards and horizontal spreading of soil NO3 near
the soil surface. Leaching potential increased with the difference between the extent of the
wetted soil volume and rooting zone.

Soil injection of swine manure on soybeans in lllinois compared with surface application resulted
in runoff concentration decreases of 93, 82, and 94 percent, and load decreases of 99, 94, and
99 percent for dissolved P, TP and algal-available P, respectively (Daverede et al. 2004).
Incorporating inorganic P fertilizer also reduced P concentration in runoff significantly. Runoff P
concentration and load from incorporated amendments did not differ from the control.

Allen and Mallarino (2008) assessed total runoff P, bioavailable P, and dissolved P
concentrations and loads in surface runoff after liquid swine manure application with or without
incorporation into soil and different timing of rainfall in lllinois. For events 24 hours after
application, P concentrations were two to five times higher for unincorporated manure than for
incorporated manure; P loads were 3.8 to 7.7, and 3.6 times higher. A 10- to 16-day rainfall
delay resulted in P concentrations that were about three times lower than for 24-hour events
across all unincorporated P rates.

Andraski et al. (2003) investigated the effects of manure history and tillage on P levels in runoff
from continuous corn in Wisconsin. Soil P levels increased with the frequency of manure
applications and P stratification was greater near the surface in no-till than in chisel plow. In
chisel plow, soil test P level was linearly related to dissolved P and bioavailable P loads in
runoff. In no-till, P loads were reduced by an average of 57 percent for dissolved P, 70 percent
for bioavailable P, and 91 percent for TP compared with chisel plow.

In an lowa plot study, Bakhsh et al. (2009) determined the effects of swine manure application
to corn and soybeans on NO3-N concentrations in subsurface drainage water and corn-soybean
yields. Average flow-weighted NO3-N concentrations and leaching losses increased by greater
than 50 percent when manure was applied to both corn and soybean compared to manure
application to corn only, while yield differences were less than 4 percent. Those results suggest
that fall manure application to both corn and soybean is likely to increase NOs-N leaching to
shallow groundwater without resulting in significant yield benefits.
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Kleinman et al. (2009) evaluated losses of P in subsurface and surface flow as a function of
dairy manure application to no-till soils in Pennsylvania. Incorporation of manure by tillage
lowered P loss in leachate relative to broadcast application because of the destruction of
preferential flow pathways. In contrast, rainfall simulations on runoff plots showed that TP losses
in surface runoff differed significantly by soil but not by application method. Results confirm the
near-term benefits of incorporating manure by tillage to protect groundwater quality but suggest
that for surface water quality, avoiding soils prone to runoff is more important.

Warren et al. (2008) compared surface broadcast litter application and subsurface litter banding
on grassland in Alabama. Subsurface band applications resulted in forage yields equivalent to
those achieved by conventional broadcast litter applications and did not significantly alter the
Mehlich 3 extractable P content of soils collected at a depth of 0 to 15 cm.

In Arkansas, Pote et al. (2003) determined the effects of poultry litter incorporation into Bermuda
grass and mixed forage plots on quantity and quality of runoff water. Nutrient concentrations
and mass losses in runoff from incorporated litter were 80-95 percent less than in runoff from
surface-applied litter. Litter-incorporated soils had greater rain infiltration rates, water-holding
capacities, and sediment retention than soils receiving surface-applied litter. In a subsequent
study, Pote et al. (2009) confirmed that fully mechanized litter subsurface banding increased
forage yield while decreasing nutrient N and P loss in runoff by at least 90 percent compared to
surface-broadcast litter.

Sistani et al. (2009) evaluated the effect of broiler litter application method and the runoff timing
on nutrient and E. coli losses from Alabama perennial grassland. TP, inorganic N, and E. coli
concentrations in runoff from broadcast litter application were all significantly greater than from
subsurface litter banding. TP losses from broadcast litter applications averaged 6.8 times
greater than those from subsurface litter applications. Average NO3-N and TSS losses from
subsurface banding were reduced by 64 percent and 68 percent, respectively, compared to the
broadcast method.

In soil columns, Guo et al. (2009) evaluated nutrient release dynamics of Delmarva poultry litter
under local weather conditions. Release of most nutrients occurred principally in the first

100 days, but for P, release would last for years. The nutrient supply capacity of surface-applied
Delmarva poultry litter was predicted at 10.9 kg N/Mg (kilograms per megagram) and 6.5 kg
P/Mg. The results suggest that Delmarva poultry litter should be applied to conservation tillage
systems at 6.6 Mg/ha, which would furnish 25 kg P/ha and 63 kg N/ha to seasonal crops. In
repeated annual applications, the rate should be reduced to 5.2 Mg/ha, with supplemental N
fertilization to meet crop N requirements.
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Table 2-14. Summary of reported practice effects resulting from management of nutrient
application methods and timing

Study
Location type Practice Practice effects Source
Soil Plowing-in manure apparently disturbs
New York | column Manure macropores and promotes matrix flow, resulting in | Geohring et
field ’ | incorporation | greatly reduced P concentrations in tile drainage al. 2001
effluent.
Cessation of | Significant decreases in winter concentrations of Lewis and
New York | Field winter TP, soluble P, TKN, and NOs-N but not TSS Makarewicz
manure following cessation of winter dairy manure 2009
spreading application to cropland.
Higher NO;-N concentrations observed in plots
where N sources applied shortly before soll
Nutrient sampling. Trends of.residual NO;-N concentrations Chen and
Ontario Plots source and yarled among exper|mer_1ts, and results were Samson
timing inconclusive. Tvyo-fold higher P concentra_tlons 2002
were observed in the manured plots than in the
inorganically fertilized plots as a result of higher
P,Os inputs from swine manure.
For each kg N applied, 70-77 kg ha-1 of yield was
produced for sidedress compared to 46-66 kg of
. . Sidedress N | yield for preplant N application. When the same
Ontario Field application amount of fertilizer was applied, significantly Ma 2007
greater yield (7.6%—10.6%) was produced with
sidedress than preplant N application.
Of nine different N sources tested, the sidedress
: injection of N provided the highest corn yields
llinois | Field :'d?i‘iraﬁis;’n'\' (164 bu/a) and best N use efficiencies (0.96 Ib et
PP N/bu) at locations receiving > 12 inches rainfall ’
over the 15 week period after fertilizer application.
Deep manure injection treatments had 31-59
more kg N/ha than the shallow injection treatment
Manure 12-30 months after application. Higher corn yield
Kansas Plots placement in the deep injected treatment attributed to Reiman et
depth increased N use efficiency. Higher inorganic N al. 2009
amounts in deep injection treatment attributed to
reduced N losses through ammonia volatilization,
leaching, or denitrification
Seepage losses represented < 1% of the total
Quebec, Fields Irrigation of | volume of effluents, nutrients and bacteria applied | Ali et al.
Canada dairy effluent | implying a treatment efficiency of > 99% compared | 2007
to conventional land spreading.
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Table 2-14. Summary of reported practice effects resulting from management of nutrient
application methods and timing (continued)

Location

Study
type

Practice

Practice effects

Source

Ontario,
Canada

Plot

Liquid
manure
injection

Apparent recovery of manure TN was greater with
injection (59%) than topdress (41%) and transport
of N to ground- and surface waters was minimized
when side dressed at or below rates for optimal
yield. When injected N exceeded crop demand,
NOs-N increased to over 10 mg/kg in topsail,

20 mg/L in drainage water, and to excessive

(3.6 g/kg) levels in stalks

Coelho et al.
2006

Spain

Plot

Waste
irrigation

Drainage NO;-N concentration and load increased
linearly by 0.69 mg NO3-N/L and 4.6 kg NO;-N/ha,
respectively, for each 10 kg N/ha applied over the
minimum of 275 kg N/ha. An increase in irrigation
efficiency did not induce a significant increase of
leachate concentration and the amount of NO;
leached decreased about 65%.

Dauden et
al.2004

India

Field

Fertigation

Water-soluble fertilizer (WSF) fertigation recorded
significantly higher total dry matter (181.9 g) and
leaf area index (3.69) over the drip irrigation
control. Fertigation with 100% WSF increased the
fruit yield by 24.8% over the furrow-irrigated
control and by 9.2% over drip irrigation. WSF
fertigation resulted in significantly fertilizer-use
efficiency (226.48 kg yield/kg NPK) compared to
drip- and furrow-irrigated controls. Fertigation
resulted in less leaching of NO3-N and K to deeper
layer of soil and subsurface drip fertigation caused
higher assimilable P in deeper layers. Root growth
and NPK uptake was increased by WSF
fertigation.

Hebbar et al.
2004

California

Modeling

Fertigation

An adapted version of the computer simulation
model, Hydrus-2D was used to evaluate NO3
leaching potential under various combinations of
micro-irrigation systems, fertigation scenarios, and
soil types typical of California conditions. The
study concluded that fertigation at the beginning of
the irrigation cycle tends to increase seasonal NO;
leaching.

Gardenas et
al. 2005

Illinois

Plots

Manure
injection

Soil injection of manure on soybeans compared
with surface application resulted in runoff P
concentration decreases of 82%—99%.

Daverede et
al. 2004

lowa

Plot

Manure
incorporation

For events 24 hours after application, P
concentrations were 2 to 5 times higher for
unincorporated manure than for incorporated
manure; P loads were 3.8 to 7.7, and 3.6 times
higher.

Bakhsh et al.
2009
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Table 2-14. Summary of reported practice effects resulting from management of nutrient
application methods and timing (continued)

Study
Location type Practice Practice effects Source
Soil P levels increased with the frequency of
Manure manure applications. In no-till, P loads were Andraski et
Wisconsin | Field history, reduced by an average of 57% for dissolved P, al. 2003
tillage 70% for bioavailable P, and 91% for TP compared ’
with chisel plow
NOs-N concentrations and leaching losses
increased by > 50% when manure applied to both
Manure corn and soybean compared to manure application
lowa Plot application to corn only, while yie_Id d_ifferences were less than | Bakhsh et al.
timing 4%. Fall manure application to both corn and 2009
soybean is likely to increase NO3-N leaching to
shallow groundwater without resulting in significant
yield benefits.
Incorporating manure by tillage lowered P loss in
Pennsyl- Manure leachate relative to broadcast application from the Pote et al
. Plots incorporation | destruction of preferential flow pathways; TP '
vania by tillage losses in surface runoff differed significantly by soil 2009
y tllag g y by
but not by application method
Subsurface S_ubsurfacg band applications resulted in forgge
Alabama | Field banding of yleld_s equwalent tg conve_ntlgnal broadcast litter Warren et al.
ooultry litter applications and did not significantly alter the 2008
Mehlich 3 extractable nutrient content of soils.
Nutrient concentrations and mass losses in runoff
Litter from incorporated litter were 80%—-95% less than
Arkansas | Plots application in runoff from surface-applied litter. Litter- Guo et al.
rate incorporated soils had greater infiltration rates, (2009
water-holding capacities, and sediment retention
than soils receiving surface-applied litter
TP, inorganic N, and E. coli concentrations in
runoff from broadcast litter application exceeded
those from subsurface litter banding. TP losses
Subsurface | from broadcast litter applications averaged 6.8 Kaiser et al
Alabama | Plots banding of times greater than those from subsurface litter 2009 )
poultry litter | applications. Average NO3-N and TSS losses from
subsurface banding were reduced by 64% and
68%, respectively, compared to the broadcast
method.
Soil aeration reduced runoff volume by 27% in the
Delmarva _ _ first runoff event but the effect disappeared after Guo et al
Peninsula Plot Soil aeration | 1 month; aeration did not affect the mass losses of 2006 '
DRP, TKN, or NH4-N from plots fertilized with
either inorganic fertilizer or poultry litter
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Table 2-14. Summary of reported practice effects resulting from management of nutrient
application methods and timing (continued)

Location

Study
type

Practice

Practice effects

Source

lowa

Field

Soil aeration,
broiler litter

Unincorporated manure consistently increased
concentrations of all runoff P fractions in five sites;
on average manure increased dissolved P,
bioavailable P, and TP 32, 23, and 12 times,
respectively, over the control. Tillage to
incorporate manure reduced dissolved P,
bioavailable P, and TP by 88, 89, and 77% on
average

Kaiser et al.
2009

Georgia

Plot

Soil aeration

Soil aeration reduced runoff volume by 27% in the
first runoff event but the effect disappeared after
one month; aeration did not affect the mass losses
of DRP, TKN, or NH4-N from plots fertilized with
either inorganic fertilizer or poultry litter

Butler et al.
2006

Georgia

Field

Soil aeration

On well-drained soils, grassland aeration reduced
surface runoff volume and mass losses of DRP in
runoff by 35%. However, on poorly drained soils,
grassland aeration increased runoff volume and
mass losses of dissolved and TP

Franklin et
al. 2007

Georgia

Plots

Soil aeration

Core aeration reduced TP export by 55%,
dissolved P by 61%, and bioavailable P by 54%
plots with applied broiler litter. Core and no-till disk
aeration also showed potential for reducing P
export from applied dairy slurry.

Butler et al.
2008a

British
Columbia,
Canada

Field

Soil aeration

For mechanically aerating grassland before liquid
manure application, annual runoff amounts were
reduced by 47%—-81%, suspended and volatile
solid loads by 48%—69% and 42%—83%,
respectively, TKN loads by 56%—81%, and TP
loads by 25%—75%. Loads of the soluble nutrient
NH4-N, DRP, and K were reduced by 41%—83%.

van Vliet et
al. 2006

Kaiser et al. (2009) assessed P loss immediately after poultry manure application to soybean
residue with and without tillage at eight lowa fields. Unincorporated manure consistently
increased concentrations of all runoff P fractions in five sites. On average, non-incorporated

manure increased dissolved P, bioavailable P, and TP 32, 23, and 12 times, respectively, over
the control. Tillage to incorporate manure reduced dissolved P, bioavailable P, and TP by 88,
89, and 77 percent on average, respectively.

In a Georgia plot study, Franklin et al. (2006) reported that soil aeration reduced runoff volume
by 27 percent in the first runoff event, but the effect disappeared after one month; aeration did
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not affect the mass losses of dissolved reactive P (DRP), TKN, or NH4-N from plots fertilized
with either inorganic fertilizer or poultry litter.

Franklin et al. (2007) evaluated the effects of slit aeration on runoff volume and P losses from
fescue fertilized with broiler litter in Georgia. In the field with mostly well-drained soils, grassland
aeration reduced surface runoff volume and mass losses of DRP in runoff by 35 percent.
However, on poorly drained soils, grassland aeration increased runoff volume and mass losses
of dissolved and TP.

Butler et al. (2008a) evaluated the effects of three aeration treatments on export of TSS and P
from grassland plots receiving broiler litter and dairy slurry in Georgia. Core aeration reduced
export of TP by 55 percent, dissolved P by 61 percent, and bioavailable P 54 percent on plots
with applied broiler litter as compared with the control. Core and no-till disk aeration also
showed potential for reducing P export from applied dairy slurry.

In British Columbia, Canada, van Vliet et al. (2006) studied the effect of mechanically aerating
grassland before liquid manure application on surface runoff and transport of nutrients and
solids. Annual runoff amounts were reduced by 47-81 percent, suspended and volatile solid
loads by 48—69 percent and 42—83 percent, respectively, TKN loads by 56-81 percent, and TP
loads by 25-75 percent. Loads of the soluble nutrient NH;-N, DRP, and K were reduced by
41-83 percent.

Soil and manure amendment

Implementation Measure A-11:

Use soil amendments such as alum, gypsum, or water treatment residuals (WTR) to
increase P adsorption capacity of soils, reduce desorption of water-soluble P, and
decrease P concentration in runoff.

Because runoff losses of P are strongly influenced by the quantity and form of P in the soil
(Sharpley 1995; Pote et al. 1996), reducing P runoff from cropland can be accomplished by
influencing soil test P levels through soil amendments that change the availability of P and
through NMP.

In Arkansas plots, Haustein et al. (2000) surface application of treatment residuals and HiClay®
Alumina to soil plots high in P decreased Mehlich 3 soil test P levels and the two highest rates
of WTR decreased runoff P levels below those of the control plots.
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From a Texas field experiment, Brauer et al. (2005) reported that annual additions of gypsum at
5.0 Mg/ha significantly reduced soil-dissolved P, although soil amendment did not affect Bray 1
P values. Elliott et al. (2002) conducted laboratory and greenhouse studies of the ability of WTR
to alter P solubility and leaching in a Texas soil amended with biosolids and triple
superphosphate. Without residual amendment, 21 percent of soluble P and 11 percent of
biosolids TP leached over 4 months. With co-applied residuals, soluble P losses were reduced
to less than 1-3.5 percent of applied P. Amendment with residuals retarded downward P flux
such that leachate P was not statistically different than for control (soil only) columns.

In North Carolina, Novak and Watts (2004) conducted laboratory experiments to determine if
WTR mixed into soils could significantly increase their P sorption capacities. Mixing residuals
into soils increased their P-max values several-fold (between 1.7 to 8.5 mg P/g) relative to soils
with no WTR addition. The authors suggested that WTR incorporation into sandy soils has the
potential to be a new chemical-based best management practice (BMP) for reducing off-site P
transport.

In Oklahoma, Peters and Basta (1996) reported that alum-based WTR applied at 30—-100 g/kg
soil reduced Mehlich 3 extractable P in soils from 553 mg/kg to 250 mg/kg (55 percent) in one
soil and from 296 mg/kg to 110 mg/kg (63 percent) in another soil. Reductions of soluble P
followed similar trends. Treatments did not result in excessive soil pH or increase in soil salinity,
soil extractable Al, or heavy metals.

In a Maryland study, Codling et al. (2000) reported that addition of poultry litter amended with
alum-based WTR led to significant reductions in water soluble P concentrations in several soils.
The authors reported reductions in water-soluble P of 72—-99 percent in soils amended with
10-50 g/ha treated poultry litter after 2 to 4 weeks. Reductions of 27—-89 percent in Bray 1 P
were reported in the same soils.

Cornwell et al. (2000) reported a 34 percent reduction in available soil P after application of
alum WTR at a rate of 25.7 dry t/ha to Pennsylvania agricultural soils with soil P levels six times
higher than optimum level for soybean production.

Novak and Watts (2005) evaluated the ability of alum-based WTR to reduce soil P
concentrations in three P-enriched North Carolina Coastal Plain soils. Incorporating residuals
into the soils caused a near linear and significant reduction in soil P concentrations. In two soils,
6 percent WTR application caused a soil Mehlich 3 P concentration decrease to below the soil P
threshold.

Adding WTR to Oklahoma soil plots treated with poultry litter reduced runoff P by 14—85 percent
(Dayton et al. 2003). Reductions in runoff P were strongly correlated with P-max and Al-ox.
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Performance of treatment residuals as a P sorbent to reduce runoff P from manured land can be
estimated from their P-max or Al-ox content.

In a Connecticut laboratory study, Hyde and Morris (2000) reported that WTR significantly
reduced Mehlich 3 P concentrations when added to soils. Adding residuals to soils reduced soil
P concentrations by 23-64 percent, depending on how the residuals were dewatered.

Adler and Sibrell (2003) tested the use of flocculants (flocs) resulting from neutralizing acid mine
drainage (AMD) (as a possible low-cost amendment to reduce the loss of soluble P from
agricultural fields and animal wastewater) in West Virginia. About 70 percent of WEP was
sequestered by the floc when applied to agricultural soils at a rate of 20 g floc/kg soil, whereas
plant-available P decreased by 30 percent. Under anaerobic conditions simulating manure
storage basins, all AMD flocs reduced soluble P by greater than 95 percent.

At two Michigan field sites with a history of heavy manure applications, amendment with WTR
reduced water-soluble P concentration by greater than or equal to 60 percent as compared to
the control plots, and the residuals-immobilized P remained stable 7.5 years after residuals
application (Agyin-Birikorang et al. 2007).

Staats et al. (2004) investigated the efficacy of alum-amended poultry litter in reducing P
release from three Delaware Coastal Plain soils. Long-term desorption (25 days) of the
incubated material resulted in about 13 percent reductions in cumulative P desorbed when
comparing soil treated with unamended poultry litter. In addition, the P release from the soil
treated with alum-amended litter was not significantly different from the control (soil alone).

Zvomuya et al. (2006) tested the P-binding ability of various amendment materials in a
laboratory soil incubation experiment. Lysimeter breakthrough tests using tertiary-treated
potato-processing wastewater showed that alum application reduced leachate TP and SRP
concentrations by 27 percent and 25 percent, respectively.

Stout et al. (1999) reported that a 10 g/kg application of a gypsum byproduct to Pennsylvania
soils reduced the concentration of water-soluble P by 50 percent. Projection of these results
over an agricultural watershed indicated that treating only four percent of the watershed could
reduce the loss of water-soluble P by 30 percent. In an Indiana lab study, Favaretto et al. (2006)
showed that gypsum addition to soils significantly decreased the mass loss in runoff of dissolved
reactive P, TP, soluble NH4-N, and total N by 85, 60, 80, and 59 percent, respectively. The
concentration of these constituents was also significantly decreased by 83, 52, 79, and 50
percent, respectively. Murphy et al. (2010) reported that gypsum addition decreased reactive P
solubility by 14-56 percent and organic P solubility by 10-53 percent in five Irish soils.
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Table 2-15. Summary of reported practice effects resulting from soil and manure amendment

Location

Study type

Practice

Practice effects

Source

Arkansas

Plot

Soil
amendments

Surface application of treatment residuals and
HiCIay® Alumina to high P soils decreased
soil test P levels; the highest rates of WTR
decreased runoff P levels below those of the
control plots.

Haustein et al.
2000

Texas

Field

Gypsum
amendment

Annual additions of gypsum at 5.0 Mg/ha
significantly reduced soil dissolved P,
although soil amendment did not affect Bray1
P values.

Brauer et al.
2005

Oklahoma

Field

WTR

Alum-based WTRs applied at 30—100 g/kg
soil reduced Mehlich 3 extractable P in soils
from 55% to 63%.

Peters and
Basta 1996

Maryland

Field

WTR

Addition of poultry litter amended with alum-
based WTRs led to 72%—-99% reductions in
water-soluble P and 27%—-89% reductions in
Bray 1 P of in soils amended with 10-50 g/ha
treated poultry litter after 2 to 4 weeks.

Codling et al.
2000

Pennsyl-
vania

Field

WTR

34% reduction in available soil P after
application of alum WTRs at a rate of 25.7 dry
t/ha to soils with soil P levels six times higher
than optimum level for soybean production.

Cornwell et al.
2000

Texas

Laboratory,
greenhouse

WTR

Without residual amendment, 21% of soluble
P and 11% of biosolids TP leached over 4
months; with co-applied residuals, soluble P
losses were reduced to < 1%—3.5% of applied
P. Amendment with residuals retarded
downward P flux such that leachate P was not
statistically different than for control (soil only)
columns.

Elliott et al.
2002

North
Carolina

Laboratory

WTR

Mixing residuals into soils increased their P-
max values several-fold (between 1.7 to 8.5
mg P/g) relative to soils with no WTR
addition.

Novak and
Watts 2004

North
Carolina

Laboratory

WTR

Incorporation of residuals into soils caused a
near linear and significant reduction in soil P
concentrations. In two soils, 6% WTR
application caused a soil Mehlich 3 P
concentration decrease to below the soil P
threshold.

Novak and
Watts 2005

Oklahoma

Plots

WTR

Addition of WTR to OK soil plots treated with
poultry litter reduced runoff P by from 14%—
85% Reductions in runoff P were strongly
correlated with P-max and Al-ox.
Performance of treatment residuals as a P
sorbent to reduce runoff P from manured land
can be estimated from their P-max or Al-ox
content.

Dayton et al.
2003
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Table 2-15. Summary of reported practice effects resulting from soil and manure amendment

(continued)
Location | Study type Practice Practice effects Source
Connect- Adding residuals to soils reduced soil P Hvde and
. Laboratory |WTR concentrations by 23%—64%, depending on yde
icut . Morris 2000
how the residuals were dewatered.
Pennsyl- WTRs reduced Mehlich 3 soil test P to less
vania y than 200 mg/kg at a 10% loading rate after
’ Field WTR 1 wk of incubation time. Reductions of soluble | DeWolfe 2006
Oklahoma, .
Colorado P (Ca_CIz e)_(tractlor_1) were greater than
reductions in Mehlich 3 P.
About 70% of WEP was sequestered by the
floc when applied to agricultural soils at a rate
West Laborato Neutralized | of 20 g floc/kg soil; plant-available P Adler and
Virginia Y | AMD flocs decreased by 30%. Under anaerobic Sibrell 2003
conditions simulating manure storage basins,
AMD flocs reduced soluble P by > 95%.
Amendment reduced water-soluble P Agyin-
1 0,
Michigan | Field WTR concentration by 2 60% vs. control plots, and | gi o n o 6t
the residuals-immobilized P remained stable
al. 2007
for 7.5 yr.
About 13% reductions in cumulative P
Alum desorbed vs. soil treated with unamended Staats et al
Delaware | Laboratory poultry litter. P release from soil treated with '
amendment ; L (2004)
alum-amended litter was not significantly
different from the control (soil alone).
Lysimeter breakthrough tests showed that
Various Laborator Alum soll alum application reduced leachate TP and Zvomuya et
Y | amendment | SRP concentrations by 27% and 25%, al. 2006
respectively
) 10 g/kg application of a gypsum byproduct to
Pen.nsyl Laboratory Gypsum Pennsylvania soils reduced the concentration Stoutetal.
vania amendment o 1999
of water-soluble P by 50%.
Gypsum addition to soils significantly
Indiana Laborato Gypsum decreased the mass loss in runoff of Favaretto et
Y | amendment |dissolved reactive P (85%), TP (60%), soluble | al. 2006
NH;-N (80%), and total N (59%).
Gvpsum Gypsum addition decreased reactive P Murohv et al
Ireland | Laboratory | ~YP5 | solubility by 14%-56% and organic P 010
solubility by 10%—53%.

Nutrient management planning

In a Virginia field study, Maguire et al. (2008) investigated how changing poultry litter application
rates from an N to a P basis affected crop yields and soil properties in high P soils over a 7-year
period. After 7 years, Mehlich 1 P and water-soluble P were greatest in soils under the N-based
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treatments, smallest in the no-P treatment, and intermediate in the P-based treatments; there
were no significant differences between inorganic fertilizer and poultry litter nutrient sources.
The results show that soil test P can be decreased in high-P soils over a few years by changing
from an N-based to a P-based nutrient management plan or by stopping P applications without
negatively affecting yields.

In Quebec, Canada, Giroux and Royer (2007) measured the effect of three P fertilizer rates on
crop yields and evolution of the soil test values, saturation and P solubility. Soil test P values
decreased by 11-33 percent over 8 years, even at P application rates above crop removal
rates. Annual rates of P-sat decrease were 1.087, 0.891 and 0.750 percent/year respectively for
the 0, 30, and 60 kg P,Os/ha fertilizer rates. The P-sat value of 13.1 percent of the Quebec
regulation was achieved after 10 years for the 0 kg P,Os/ha rate.

Table 2-16. Summary of reported practice effects resulting from nutrient application planning

Study
Location type Practice Practice effects Source
After 7 years, Mehlich 1 P and water soluble P
were greatest in soils under the N-based
P-based Freatmen.ts, s_mallest in the no P treatment, ?nd _
Virgini Field trient intermediate in the_P—pased tre_atments. Sqll test P | Maguire et
ginia ie nutrien
management can be decreased in high-P s<_)|ls by changing from | al. 2008
an N-based to a P-based nutrient management
plan or stopping P applications without negatively
affecting yields.
Soil test P values decreased by 11%—-33% over
8 years, even at P application rates above crop
Quebec _ P fertilizer removal. Annual rates of P-sat decre.ase were Giroux and
Canada, Field rates 1.087, 0.891 and 0.750%!/yr, _rfaspectlvely, for the Royer 2007
0, 30, and 60 kg P,Os/ha fertilizer rates. The P-sat
value of 13.1% of the Quebec regulation is
achieved after 10 years for the 0 kg P,Os/ha rate
46%—77% of the applied manure P removed in a
single turfgrass sod harvest. Total dissolved P
Texas Field Turfgrass sod | concentrations in the runoff were directly related to | Choi et al.
export P concentrations in the soil. 3.8% of the applied P | 2003
from composted dairy manure was lost in the
surface runoff.
Using only commercial N on soils with high McFarland
Texas Plot Zero P fertilizer | extractable P levels decreased P loadings in edge- | and Hauck
of-field runoff by = 40%. 2004
Edge-of-field TP losses can be reduced by about
P-based 0.8 kg/halyear or 14% when manure applications Osei et al
Texas Model | manure are calibrated to supply all the recommended crop 2008 ’
management P requirements from manure TP sources only, vs
manure applications at N agronomic rate.
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In Texas, Choi et al. (2003) reported that 46—77 percent of the applied manure P was removed
in a single turfgrass sod harvest. Total dissolved P concentrations in the runoff were directly
related to P concentrations in the soil. A total of 3.8 percent of the applied P from composted
dairy manure was lost in the surface runoff.

From Texas plot studies, McFarland and Hauck (2004) reported that using only commercial N
on soils with high extractable P levels decreased P loadings in edge-of-field runoff by greater
than or equal to 40 percent. However, no notable changes in extractable soil P concentrations
were observed after 5 years of monitoring because of drought conditions limiting forage uptake
and removal.

In a Texas study using an integrated economic and environmental modeling system across
multiple ecoregions, Osei et al. (2008) suggested that edge-of-field TP losses can be reduced
by about 0.8 kg/ha/year or 14 percent when manure applications are calibrated to supply all the
recommended crop P requirements from manure TP sources only, when compared to manure
applications at the recommended crop N agronomic rate.

3.2 Sediment and Erosion Control

Sediment loss is the result of erosion. It is the solid material, both mineral and organic, that is in
suspension, is being transported, or has been moved from its site of origin by wind, water,
gravity, or ice. The types of erosion associated with agriculture that produce sediment are

(1) sheet and rill erosion, (2) ephemeral and classic gully erosion, (3) wind erosion, and

(4) streambank erosion. Soil erosion can be characterized as the transport of particles that are
detached by rainfall, flowing water, or wind. Eroded soil is either redeposited on the same field
or transported from the field in runoff or by wind.

The strategies for controlling erosion and sedimentation involve reducing soil detachment,
reducing sediment transport, and trapping sediment before it reaches water. The first objective
for both water and wind erosion is to keep soil on the field, and the easiest and often most
effective strategy to accomplish that is to reduce soil detachment. Detachment occurs when
water splashes onto the soil surface and dislodges soil particles or when wind reaches sufficient
velocity to dislodge soil particles on the surface.

Crop residues (e.g., straw) or living vegetative cover (e.g., cover crops, grasses) on the soil
surface protect against detachment by intercepting and/or dissipating the energy of falling
raindrops. A layer of plant material also creates a thick layer of still air next to the soil to buffer
against wind erosion. In some areas, crops that maintain a greater surface coverage could be
substituted for existing crops to control erosion.

Chapter 2. Agriculture 2-83



Guidance for Federal Land Management in the Chesapeake Bay Watershed

Implementing tillage practices such as continuous no-till or other forms of conservation tillage
also preserves or increases organic matter and soil structure, resulting in improved water
infiltration and surface stability. In addition, creating a rough soil surface through practices such
as surface roughening will break the force of raindrops and trap water, reducing runoff velocity
and erosive forces.

Sediment transport can be reduced in several ways, including using crop residues or
conservation buffers. Vegetation slows runoff, increases infiltration and traps sediment.
Reductions in slope length and steepness reduce runoff velocity, thereby reducing sediment
carrying capacity as well. Practices are also typically needed to trap sediment leaving the field
before it reaches a wetland or riparian area. Deposition of sediment is achieved by practices
that slow water velocity or increase infiltration.

Properly functioning natural wetlands and riparian areas can significantly reduce nonpoint
source pollution by intercepting surface runoff and subsurface flow and by settling, filtering, or
storing sediment and associated pollutants. Wetlands and riparian areas typically occur as
natural buffers between uplands and adjacent waterbodies. Loss of these systems allows a
more direct contribution of nonpoint source pollutants to receiving waters. Degraded wetlands
and riparian areas can even become pollutant sources. Thus, natural wetlands and riparian
areas should be protected and should not be used as designated erosion control practices.
Their nonpoint source control functions are most effective as part of an integrated land
management system focusing on nutrient, sediment, and erosion control practices applied to
upland areas.

Additional descriptions of erosion and sediment control practices are in previous guidance
(USEPA 2003). Also, NRCS provides a host of Practice Codes that can be used to implement
sediment and erosion controls.

Implementation Measure A-12:

Use conservation tillage or continuous no-till on cropland to reduce soil erosion and
sediment loads except on those lands that have no erosion or sediment loss.

Conservation tillage includes a variety of tillage systems that leave varying amounts of residue
on a field. Continuous no-till leaves all residue after harvest on the field, protecting the soil. In
general, conservation tillage is any tillage system that maintains 30 percent or more of the soil
surface with crop residue after planting (USDA-NRCS 2010e). The amount of residue needed to
achieve erosion and sediment reduction goals, however, is dependent on numerous factors; the
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Revised Universal Soil Loss Equation (RUSLE) is a tool that can help determine the amount left
on the field.

Water erosion rates are affected by rainfall energy, soil properties, slope, slope length,
vegetative and residue cover, and land management practices. Rainfall impacts provide the
energy that causes initial detachment of soil particles. Soil properties like particle size
distribution, texture, and composition influence the susceptibility of soil particles to be moved by
flowing water. Vegetative cover and residue can protect the soil surface from rainfall impact or
the force of moving water. Those factors are used in the RUSLE, an empirical formula widely
used to predict soil loss in sheet and rill erosion from agricultural fields, primarily crop land and
pasture, and construction sites (USDA-ARS 2005):

Revised Universal Soil Loss Equation (RUSLE)
A=RxKx[LSxCxP

where
A = estimated average annual soil loss (tons/acre/year)

R = rainfall/runoff factor, quantifying the effect of raindrop impact and the amount and rate of
runoff associated with the rain, based on long-term rainfall record

K = soil erodibility factor based on the combined effects of soil properties influencing erosion
rates

LS = slope length factor, a combination of slope gradient and continuous extent

C = cover and management factor, incorporating influences of crop sequence, residue
management, and tillage

P = practice factor, incorporating influences of conservation practices such as contouring or
terraces

Practice Effectiveness

Past reviews of the effectiveness of sediment control measures have concluded that reduced
tillage systems reduce TP losses by 45 percent, TN losses by 55 percent, and sediment losses
by 75 percent (USEPA 2003).

Harmel et al. (2006, 2008) have compiled measured annual N and P load data representing
field scale transport from agricultural land uses. The 2006 compilation includes results from

40 scientifically peer-reviewed studies but draws heavily from the 1980s. The more recent data
(2008 update) include 15 additional studies. In all, the database contains 1,677 watershed years
of data for various agricultural land uses and practices. Most data are from the Southeast and
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upper Midwest, with only one study from the Chesapeake Bay Drainage area. Table 2-17,
below, provides a summary of median N and P export coeffcients from Harmel et al. (2006) from
which N and P reductions could be estimated. The current version is at
http://www.ars.usda.gov/spa/manage-nutrient.

Table 2-17. Median N and P export coefficients

Table 4. Median annual dissolved, particulate, and TN and P export coefficient values (kg/ha) for
selected treatments
TN Dissolved N  Particulate N TP Dissolved P Particulate P

Treatment* (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha)
Tillage

Conventional 7.88a 2.41a 7.04a 1.05a 0.19b 0.64a

Conservation 7.70a 2.30ac 3.40c 1.18ac 0.65ac 1.00a

No-Till 1.32b 4.20c 1.80bc 0.63c 1.00c 0.80a

Pasture/Range 0.97b 0.32b 0.62b 0.22b 0.15b 0.00b
Conservation Practice

None 2.19a 1.60a 1.70a 0.41a 0.26ab 0.64ab

One Practice 6.73b 1.33a 14.80a 0.61ab 0.14a 0.37a

2+ Practices 8.72b 2.61b 3.30a 1.22b 0.50b 0.75b
Soil Texture

Clay 4.93a 4.47a 2.00a 0.92a 0.50a 0.55a

Loam 4.05a 1.64b 5.78b 0.41b 0.18b 0.93a

Sand 2.74a 1.70ab = 1.50ab 0.07ab =

Source: Harmel et al. 2006
* For each nutrient form within a treatment, medians followed by a different letter are significantly different (a — 0.05).
** No particulate N or P data were available for sandy soils.

In another literature review, Merriman et al. (2009) developed a compilation of BMP
effectiveness results. Table 2-18 presents a listing of individual results for conservation tillage
practices along with percent reductions for TP, TN, and sediment. Additional data on reductions
for particulate P, dissolved P, NO3-N, and ammonium are also available.

Soil loss and ortho-P transport were measured from a conventional and two conservation tillage
treatments (zero and ridge tillage) from January 1988 to September 1990 in southwestern
Ontario (Gaynor and Findlay 1995). Compared to conventional tillage, conservation tillage
reduced average soil loss by 49 percent (899 kg/ha) and increased ortho-P concentrations in
runoff 2.2 times (0.25 mg/L).
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Table 2-18. TP, TN, and sediment reductions for various conservation tillage practices

Reference
(as cited by Total
Merriman et al. sediment
2009) State BMP name Study scale 3-8 TN % %
Zhu et al. 1989 Missouri No-till Field plot 3 D 92%
Zhu et al. 1989 Georgia No-till Field plot 3 D 90%
Zhu et al. 1989 Georgia No-till Field plot 3 D 92%
?gggey etal Mississippi | No-till Field plot 3-8 C 72.3%
Dabney etal. | qo0ia | No-til Field plot 3 B 86%
1979
Dabney etal. | qoqia | No-til Field plot 3 c 86%
1979
Dabney etal. | \rississippi | No-til Field 3-8 B 95.49%
1993
Yoo et al. 1988 | Alabama No-till Field plot 3-8 B 5% 7.6% 20.8%
Mutchleretal. | \rcsissippi | No-til Field plot 3-8 c 47%
1985
Meyer et al. 1999 | Mississippi | No-till Field plot 3-8 C 84% 90% 99%
McGregor and N . . 0
Greer 1982 Virginia No-till Field plot 8 C 95.49%
Yoo etal. 1986 |Alabama No-till Field plot 8 B -2.76% | 54.44%
Meyer et al. 1999 | Virginia No-till Field plot 8 C 85.11%
Meyer et al. 1999 | Louisiana No-till Field plot 3-8 C 90.84%
Hairstonetal. |\;oinia | No-til Field plot 3-8 D 16.28%
1984
McGregor etal. |/ oinia No-til Field plot 8 B 85.71%
1975
Mosregoretal. | vississippi | No-til Field plot 3-8 c 85.71%
Mutchler and e . . 0
Greer 1984 Mississippi | No-till Field plot 3-8 C 94.08%
':'ggjt"” etal. | \ississippi | No-til Field plot 3-8 c 92.7%
Langdale etal. | o0 No-til Field plot 3-8 B 86%
1979
Trumanetal. I oogia | No-till Field plot 38 c 86%
1979
Dabney et al. Mississiopi | No-till Field ol 8 c 769
1993 ississippi o-ti ield plot 3- 56.76%
Dabney etal. | \tississippi | No-til Field plot 3-8 c 50%
1993
Dabney et al. Mississippi | No-till Field pl 3-8 c 66.67%
1993 ississippi o-ti ield plot - .67%
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Table 2-18. TP, TN, and sediment reductions for various conservation tillage practices (continued)

Reference
(as cited by Total
Merriman et al. sediment
2009) State BMP name Study scale 3-8 C TN % %
Doy etal I Mississippi | No-il Field plot 3.8 c 83.33%
Yoo et al. 1988 | Alabama No-till Field plot 3-8 B 22.5% | 23.8% 52.3%
Schreiber and T . o o
Cullum 1998 Mississippi | No-till Large watershed | 3-8 C 76.52% | 67.68%
Meyer et al. 1999 | Mississippi | No-till Field plot 3-8 C 88.47%
Mostaghimi,
Dillaha, Virginia No-till Field plot 8-15 C 97% 98%
Shanholtz 1988
Nosadnimi et 2l virginia | No-til Field plot 815 |C 65.52% | 90.55% | 69.47%
Mostaghimi etal. |\ qin; No-till Field pl 8-15  |[C 90.55% | 94.75%
1991 irginia o-ti ield plot - .99% 13%
fgegg'ey etal. Louisiana | No-till Field plot N/A D 74.25%
Daniels and No-till with
Lo . i o o

Gilliam 1996 Virginia _sqbsgrface Field plot 3-8 B 91% 92%

injection
Mostaghimi et al No-till with
1991 9 " | Virginia subsurface | Field plot 8-15 C 95.42%

injection
McGregor and ... . |Reduced . 0
Greer 1982 Mississippi Tillage Field plot 3-8 C 91.84%
McGregor and caieaini | Reduced . 0
Greer 1982 Mississippi | Tijage Field plot 3-8 B 91.84%
Hairston et al. .. . . |Reduced . o
1984 Mississippi Tillage Field plot 3-8 D 13.85%
Mutchler and .. . . |Reduced . o
Greer 1984 Mississippi | ijage Field plot 38 |cC 58.78%
Truman et al. Cover crop . o
2003 Alabama (general) Field plot N/A B 46%

Source: Merriman et al. 2009

Using a rain simulator on plots, Avalos et al. (2007) found that corn straw residue decreased N
losses from 88.82 to 16.65 kg/ha (81 percent reduction) and decreased TP losses from 7.87 to
1.72 kg/ha (78 percent reduction). In another plot study using rainfall simulation, it was found
that under no-till conditions, plots with corn residue and grass hedges averaged 52 percent less
runoff and 53 percent less soil loss than similar plots without grass hedges (Gilley et al. 2000).
Under tilled conditions, the plots with corn residue and grass hedges averaged 22 percent less
runoff and 57 percent less soil loss than comparable plots without grass hedges. The plots with
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corn residue removed but with grass hedges present averaged 41 percent less runoff and
63 percent less soil loss than similar plots without grass hedges.

One alternative to reduce compaction and restricted infiltration under long periods of no-till is
rotational tillage (Smith et al. 2007). In the first year of converting from long-term, no-till to
rotational tillage on small plots that had been in a no-till corn-soybean rotation for 15 years,
runoff volumes and nutrient concentrations for NH4-N, NO3-N, and dissolved P were greater
from the no-till field. Before fertilization, no-till resulted in 83 g/ha greater NH4-N and 32.4 g/ha
greater dissolved P losses than rotational tillage. After fertilization, no-till was observed to lose
5.3 kg/ha more NH,4-N, 1.3 kg/ha more NOs-N, and 2.4 kg/ha more dissolved P than rotational
tillage.

Conventional tillage, conservation tillage with cover crop, and no-till with cover crop were
compared in a small grain-corn rotation in Austria in a field study from 1994 to 1999 (Klik et al.
2001). The field plots ranged from 3—4 m in width and 15-m long, and slope ranged from 6 to 16
percent. Runoff was not statistically different among the practices, but nutrient losses from April
to October were 13.7 kg/ha for conventional tillage, 9.1 kg/ha (34 percent decrease) for
conservation tillage, and 7.7 kg/ha (44 percent decrease) for no-till. P losses were 6.5, 3.1

(52 percent decrease), and 2.0 kg/ha (69 percent decrease), respectively. In a 9-year field study
in Finland, Puustinen et al. (2005) found that traditional cultivation treatments produced the
highest TSS concentrations (1.38 and 1. 18 mg/L, respectively), whereas values between

0.44 and 0.53 mg/L were measured for three treatments with reduced (or no) tillage. Particle-
bound P concentrations closely followed those of TSS, but DRP showed contrasting behavior.

Finnish researchers (Turtola et al. 2007) found that the frequency of tillage, rather than the
depth of tillage, has a greater effect on erosion on clayey soils. Shallow autumn tillage produced
erosion as high as moldboard plowing (407—-1,700 kg/ha-yr), but 48 percent and 12 percent
lower erosion levels were measured from plots left untilled in autumn, covered by grass or
barley residues, respectively. In a companion study, Uusitalo et al. (2007) found that stubble
treatment yielded higher DRP losses (104—-259 g/ha-yr) than autumn plowing (77—96 g/ha-yr),
and equally high particulate P (PP) losses (mean 660, 235—1,300 g/ha-yr). Shallow autumn
tillage produced 28 percent higher DRP losses (mean 120, 107-136 g/ha-yr) than plowing
(83—117 g/ha-yr) and 11 percent higher PP losses (mean 1,090, 686—1,336 g/ha-yr) than
plowing (783—-1253 g/ha-yr).

Practice Costs

In an analysis of various combinations of practices to control sediment loss in a 12-ha
subwatershed of the Mississippi Delta Management System Evaluation Area using the
Annualized Agricultural Nonpoint Source pollutant loading model (AnnAGNPS 2.1), it was found
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that the most cost-effective practices were management of volunteer winter weeds as cover
crops and various types of edge-of-field, grade-control pipes (Yuan et al. 2002; Dabney et al.
2001). The average marginal cost using practices for sediment yield reduction was about
$10/MT (2010 dollars) for conventional and reduced tillage. The cost was higher, about $13/MT
for no-till because the practice of no-till alone reduced sediment yield by half, and further
marginal reductions were more expensive.

Using the Water Erosion Prediction Project, or WEPP, model calibrated to a 6.4-ha site within
Four Mile Creek watershed in eastern lowa, Zhou et al. (2009) compared the cost of lost soil for
chisel plow, disk tillage, and no-tillage. The value of lost soil resulting from soil erosion ranged
between $11 and $139/ha-yr (2010 dollars) for the simulated scenarios in the study when a soil
value of $6.19/t was considered. When factoring in the value of soil, no-tillage was the most
efficient practice with the highest net benefit of $95.86/ha-yr.

Both national and selected state costs for a number of common erosion control practices are
presented in Table 2-19. The variability in costs for practices can be accounted for primarily
through differences in site-specific applications and costs, differences in the reporting units
used, and differences in the interpretation of reporting units. For example, grassed waterways in
Virginia cost $3,237/ac and terraces cost $0.59/ft with typical total costs of $2,972 and $295,
respectively (USDA-NRCS 2010).

Table 2-19. Representative costs of selected erosion control practices

Range of capital
Practice Unit costs® References
. . Sanders et al. 1991
Diversions ft $2.63-$7.36 Smolen and Humenik 1989
Terraces ft $4.43-$19.75 Smolen and Humenik 1989
a.s’ $32.24-$89.15 Russell and Christiansen 1984
Sanders et al. 1991
ft $7.85-$11.84 Barbarika 1987; NCAES 1982; Smolen and
Waterways ac $151-$5,684 )
c $1.669-$2 902 Humenik 1989
a.e. RIS Russell and Christiansen 1984
Permanent ac $92-$360 Barbarika 1987; Russell and Christiansen 1984;
Vegetative Cover Sanders et al. 1991; Smolen and Humenik 1989
Conservation NCAES 1982; Russell and Christiansen 1984;
Tillage ac $12.68-$84.58 Smolen and Humenik 1989
Notes:

a. Reported costs inflated to 1998 dollars by the ratio of indices of prices paid by farmers for all production items,

1991 = 100. 1998 dollars then converted to 2010 dollars.

b. acre served

c. acre established

[Note: 1991 dollars from CZARA were adjusted by +15%, based on ratio of 1998 Prices Paid by Farmers/1991 Prices Paid
by Farmers, according to USDA National Agricultural Statistics Service,
http://www.allcountries.org/uscensus/1114_indexes of prices received and paid.html, 28 September 1998]. 1998 dollars
then converted to 2010 dollars.
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The cost estimates for control of erosion and sediment transport from agricultural lands in Table
2-20 are based on experiences in the Chesapeake Bay Program.

Table 2-20. Annualized cost estimates and life spans for selected management practices from
Chesapeake Bay installations®

Median annual costs”

(Years) (EAC®)
Practice Practice life span ($/acrelyr)
Nutrient Management 3 4.00
Strip-cropping 5 19.32
Terraces 10 140.75
Diversions 10 86.74
Sediment Retention Water Control Structures 10 148.56
Grassed Filter Strips 5 12.17
Cover Crops 1 16.65
Permanent Vegetative Cover on Critical Areas 5 117.72
Conservation Tillage® 1 28.87
Reforestation of Crop and Pastured 10 77.69
Grassed Waterways® 10 1.67/LF/yr
Animal Waste System’ 10 6.26/ton/yr

Source: Camacho 1991

Notes:

a. Median costs (1990 dollars) obtained from the Chesapeake Bay Program Office (CBPO) BMP tracking database
and Chesapeake Bay Agreement Jurisdictions’ unit data cost. Costs per acre are for acres benefited by the practice.
1990 dollars converted to 2010 dollars.

b. Annualized BMP total cost including O&M, planning, and technical assistance costs.

c. EAC = equivalent annual cost: annualized total; costs for the life span. Interest rate = 10%.

d. Government incentive costs.

e. Annualized unit cost per linear foot of constructed waterway.

f. Units for animal waste are given as $/ton of manure treated.

Practice Savings

It is important to note that for some practices, such as conservation tillage, the net costs often
approach zero and in some cases can be negative because of the savings in labor and energy.
In fact, it is reported that cotton growers can lower their cost per acre by $88/ha (2010 dollars)
because of lower fixed costs associated with conservation tillage (Zeneca 1994).
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3.3 Cover Crops

Implementation Measure A-13:

Use the most suitable cover crops to scavenge excess nutrients and prevent erosion at
the site on acres that have received any manure or chemical fertilizer application.
Cover crops should be used during a non-growing season (including winters) or
when there is bare soil in a field.

A cover crop is any crop grown to provide soil cover, primarily to prevent soil erosion by wind
and water (Sullivan 2003) (NRCS Practice Code 340). Cover crops can be annual, biennial, or
perennial plants grown in a pure or mixed stand during all or part of the year to provide ground
cover, fix N (legumes), suppress weeds, reduce insect pests and diseases, and reduce nutrient
leaching following a main crop. The Midwest Cover Crop Council Web site
(www.mccc.msu.edu/CCinfo/cropbycrop.html) provides information on a variety of options for
planting cover crops, and describes the various plant species available. Cover crops come in
several forms, depending on the situation and objectives.

A winter cover crop is planted in late summer or fall to provide soil cover during the winter; a
legume is often planted to generate N for the subsequent crop (Sullivan 2003). Legumes,
however, are not recommended for reducing NOj3 leaching. In general, a winter cover crop is
planted shortly before or soon after the main crop is harvested and remains on the field through
the winter. It is then killed or removed before or soon after planting of the subsequent season’s
main crop.

A summer green manure is a warm-season cover crop used to fill a niche in crop rotations, to
improve the conditions of poor soils, or to prepare land for a perennial crop (Sullivan 2003).
Legumes such as cowpeas, soybeans, annual sweet clover, sesbania, guar, crotalaria, or velvet
beans are often grown to add N and organic matter, while non-legumes such as sorghum-
sudangrass, millet, forage sorghum, or buckwheat are grown for biomass, to smother weeds,
and to improve soil tilth.

A living mulch is a cover crop that is interplanted with an annual or perennial cash crop to
suppress weeds, reduce soil erosion, enhance soil fertility, and improve water infiltration
(Sullivan 2003). Producers should plant a species that is suppressed during the intensive
growth period of the main crop and is taking in excess available nutrients and is growing as the
main crop matures or after it is harvested. Living mulches can be incorporated into bare earthen
rows during a cropping season for corn, vegetables and many other crops grown in the
Chesapeake Bay. For example, New York vegetable growers can interseed ryegrass or clover
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into a standing vegetable crop or plant barley windbreaks in muck-grown onions (Stivers et al.
1998).

A catch crop is a cover crop established after harvesting the main crop and is used primarily to
reduce nutrient leaching from the soil profile but can also be used to fill a niche within a crop
rotation (Sullivan 2003). When applying cover crops for the purpose of capturing and recycling
excess nutrients in the soil profile, NRCS Practice Code 340 specifies that they should be
established and actively growing before the expected period(s) of nutrient leaching and that
cover crop species will be selected for their ability to take up large amounts of nutrients from the
rooting profile of the soil. Deep-rooted crops, such as winter annual grasses (rye, wheat, and
barley) can absorb excess nutrients from the soil and then release them through decomposition
for the subsequent crop, in effect capturing nitrates that could otherwise leach through the root
zone to groundwater (Poole 2004). Greater amounts of N can be taken up by cover crops when
a drought-stricken summer crop has failed to use most of the fertilizer applied or on soils that
mineralize large amounts of N in the fall because of previous manure applications (Weil et al.
2009).

According to the Sustainable Agriculture Network, an excellent resource for information on
cover crops, the best cover crops to use for NO3; conservation are non-legumes (e.g., rye,
sorghum-sudan) that form deep, extensive root systems quickly after cash crops are harvested
(SAN 2007). Cereal rye is the best choice for catching nutrients after a summer crop over much
of the United States. Rye has cold tolerance that allows it to continue to grow in late fall and
develop roots to a depth of 3 feet or more; rye can also grow through mild winter months. Weil
et al. (2009) report that because of their exceptionally deep root system, rapid growth, and
heavy N feeding, forage radish cover crops can take up most of the soluble N left in the soil
profile after summer crops have ceased their uptake. The forage radish takes up N from both
the topsoil and from deep soil layers, typically taking up 112 to 168 kg/ha of N if planted while
soils are warm. Brassica cover crops (e.g., forage radish, oilseed radish, and rape) are new to
the mid-Atlantic region, however, and one of their limitations is the need for early planting.
Farmers in the region have successfully planted Brassica cover crops after harvest of corn
silage, small grains, and sweet corn, but their application in the widespread corn grain—soybean
rotations might require a more risky broadcast seeding into standing crop canopies.

In summary, the top N scavengers include the following (SAN 2007):

1.  Excellent N scavengers
a. Rye
b. Sorghum-sudan
c. Radish
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2. Very good N scavengers

d. Annual ryegrass
e. Barley

f. Oats

g. Wheat

h. Rapeseed

i. Berseem clover
3. Good N scavengers

j- Mustards

k. Crimson clover

. Red clover

m. Woollypod vetch

If the objective is to best synchronize the use of a cover crop to cycle nutrients, factors such as
the carbon:nitrogen ratio (C:N) should be considered to determine the kill date to match the
release of nutrients with uptake by a following cash crop. Killing or plowing down the cover crop
when the crop is still relatively young is important for N availability because decomposition will
be slower when the plant is in boot stage or later (Bosworth 2006). If the C:N ratio is over 30:1,
N will generally be immobilized during the early stages of the decomposition process (SAN
2007). The C:N ratio of small grain residues is generally lower in young plant tissue, but if the
cover crop is killed too early, this lower C:N ratio results in rapid decomposition of a smaller
amount of residue, reducing ground coverage. The wide C:N ratio of small grain residues,
therefore, must be taken into account for best nutrient management.

In their study of Brassica cover crops Dean and Weil (2009) recommend that the choice of
cover crop should take into consideration both the timing of N release in relation to the N
demands of the subsequent crop and the impact of soil texture on the susceptibility of NO3s-N to
leaching in fall and spring. The forage radish, a cover crop that freeze-kills in the mid-Atlantic
region, releases N from plant tissues early in spring. Although this early N availability can
provide an agronomic advantage for the summer crop, significant amounts of NOs-N can be lost
to leaching if a main crop is not planted early enough to recapture this N. Early planting of a
subsequent summer crop is especially important to minimize spring leaching losses in coarse-
textured, well- to excessively drained soils. Rape, which continues to capture soil NO3-N until
terminated in spring, could be a more appropriate choice of cover crop on coarse-textured soils
when the summer crop will not be planted until late spring.
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Practice Effectiveness

Staver and Brinsfield (1998) investigated the effects of cereal grain winter cover crops on NO;
leaching rates, profile NO3 storage, and NO3 concentrations in shallow groundwater in two
Chesapeake Bay field-scale watersheds planted continuously in corn from 1984 through 1996.
Rye winter cover crops planted after corn harvest consistently reduced NO3-N concentrations in
root zone leachate to less than 1 mg/L during most of the groundwater recharge period and
reduced annual nitrate leaching losses by approximately 80 percent relative to winter-fallow
treatments. Shallow groundwater NO3-N concentrations under long-term continuous corn
production decreased from the 10 to 20 mg/L range to less than 5 mg/L after 7 years of cover
crop use.

In a Maryland study comparing N uptake ability and potential to reduce N leaching, three
Brassica cover crops (forage radish, oilseed radish, and rape) and rye all decreased soil mineral
N losses compared with winter weed control plots by storage of N in plant tissues throughout
the fall and early winter (Dean and Weil 2009). Averaged across three site-years, forage radish
and rape shoots had greater dry matter production and captured more N in fall than rye shoots.
Compared with a weedy fallow control, rape and rye caused similar decreases in soil NO3-N in
fall and spring throughout the sampled profile. During the spring on coarse-textured soil, pore
water NO3-N concentrations in freeze-killed radish plots were greater than in control and
overwintering rape and rye plots. On fine-textured soil, all cover crops provided a similar
decrease in pore water NO3-N concentration compared with the control. The authors conclude
that on coarse-textured soils, freeze-killed Brassica cover crops should be followed by an early
planted spring main crop but that additional research is needed to determine the optimal
agronomic management of the new cover crops in various types of cropping systems in the
region.

A 2-year study comparing sediment, N, and P runoff losses for cotton managed with winter
fallow and conventional tillage versus cotton managed with a winter wheat cover crop and strip-
tillage, found that the cover crop/strip-till treatment reduced sediment loss for all sampling dates,
especially in 2000 when sediment losses were less than half of those with conventional tillage.
Sediment loss was also reduced with cover crop/strip-till during the early growing season,
before crop canopy closure, and vegetative field borders further reduced runoff of sediment and
sediment-attached P (Hoyt 2005).

Hairy vetch, a legume, was shown to not be effective in reducing NO; losses on tomato lands in
a study conducted on a Norfolk sandy loam in central Georgia (Sainju 1999). Although hairy
vetch increased tomato N uptake and recovery, it was not effective in reducing NO3-N content
and movement compared with N fertilizer.
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In a field study to determine the potential of a Bermuda grass/ryegrass combination to reduce
the level of Mehlich 3 P that had accumulated in a Savannah soil from broiler litter application
over 30 years, coupled with antecedent litter rates of 0, 4.48, 8.96, 17.9, and 35.8 Mg/ha, Read
et al. (2009) found that annual dry matter (DM) yield and P uptake generally increased as litter
rate increased up to 17.9 Mg/ha. Analysis of Mehlich 3 P in surface soil (0—15 cm depth) at four
sampling dates over 19 months showed reductions of 25, 27, 22, 26, and 29 percent at the five
antecedent litter rates, respectively. Ryegrass-Bermuda grass significantly increased DM yield
and P uptake but did not increase reductions in Mehlich 3 P, as compared to Bermuda grass
winter fallow, and both forage systems removed about 49 kg/ha P and reduced Mehlich 3 P by
about 26 mg/kg annually via five harvests per year.

Sharma and Sahi (2005) examined the phytoremediation potential of Gulf and Marshall ryegrass
grown in a greenhouse under varying conditions of soil P concentration, pH, and temperature,
finding that an increase in plant biomass was proportional to the increasing concentrations of P
up to a level of 10 g of P/kg of soil. Significant effects of both soil pH and temperature on plant
uptake of P were measured, and the researchers concluded that Gulf and Marshall ryegrass
can accumulate high P under optimal conditions and thus reduce soil P concentrations in
successive cropping.

A 3-year field experiment was conducted on sandy loam soils in southwestern Michigan to
investigate the combined effects of N fertilization rates and rye cover crops on NO3leaching in
inbred maize fields (Rasse et al. 2000). Annual NO; leaching losses to groundwater in
lysimeters fertilized at 202 kg N/ha averaged 88 kg NO3-N/ha, but rye interseeded with inbred
maize fertilized at 202 kg N/ha sequestered from 46 to 56 kg/ha of excess fertilizer N. Well-
established rye cover crops reduced NOj; leaching by as much as 65 kg N/ha when sediment
losses were less than half of those with conventional tillage. Sediment loss was also reduced
with cover crop/strip-till during the early growing season, before crop canopy closure, and corn
yield. Although fall (but not spring) cover crop DM was 26 percent lower with manure than
without manure, no difference was detected for N (9.4 kg/ha) or P (1.4 kg/ha) uptake. Shoot DM
and N, P, and K uptake increased 29, 41, 31, and 25 percent, respectively, from the cover crop
manure 112 kg N/ha treatment to the cover crop manure 224 kg N/ha treatment, with no
increase above the cover crop manure 224 kg N/ha treatment. Cover crop N, P, and K uptake
were all higher in cover crop manure versus no manure (60.1 versus 35.6 kg N/ha, 9.2 versus
6.6 kg P/ha and 41.3 versus 30.0 kg K/ha, respectively), while corn yield was unaffected by
cover crop and responded positively to manure application (11,022 with manure versus

9,845 kg/ha without manure).

A comparison of a rye winter cover crop and strips of gamagrass (3.05-m wide) placed above
subsurface tiles under a no-till corn and soybean management system on drained fields in lowa
showed that rye winter cover crops have the potential to reduce the NO3; concentrations and
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loads delivered to surface waters by subsurface drainage systems (Kaspar et al. 2007).
Averaged over 4 years, the rye cover crop treatment reduced flow-weighted NO3-N
concentrations by 59 percent and loads by 61 percent, with no significant reduction in
cumulative drainage. The gamagrass strips did not significantly reduce cumulative drainage, the
average annual flow-weighted NO3; concentrations, or cumulative NO; loads averaged over the
4-year period.

A winter rye cover crop following corn in Minnesota did not affect subsequent soybean yield but
reduced subsurface tile drainage discharge, flow-weighted mean NO; concentration, and NO;-N
loss relative to winter fallow, with the magnitude of the effect varying considerably with annual
precipitation (Strock et al. 2004). Over 3 years, subsurface tile-drainage discharge was reduced
11 percent and NO3-N loss was reduced 13 percent for a corn-soybean cropping system with a
rye cover crop following corn versus no rye cover crop.

An incubation experiment designed to assess the effect of freeze-thaw-cycle duration and
frequency on the release of P from catch crop biomass (ryegrass), illustrated the trade-offs of
establishing catch crops in frigid climates, which can enhance P uptake by biomass and reduce
erosion potential but increase dissolved P runoff (Bechmann et al. 2005). Before freezing and
thawing, TP in runoff from catch-cropped soils was lower than from manured and bare soils
because of lower erosion. Repeated freezing and thawing significantly increased WEP from
catch crop biomass and resulted in significantly elevated concentrations of dissolved P in runoff
(9.7 mg/L) compared with manured (0.18 mg/L) and bare soils (0.14 mg/L). Catch crop WEP
was strongly correlated with the number of freeze-thaw cycles. Freezing and thawing did not
change the WEP of soils mixed with manures, nor were differences observed in subsurface
losses of P between catch-cropped and bare soils before or after manure application.

A 2-year field lysimeter study was established in Uppsala, Sweden, to evaluate the effect of a
perennial ryegrass cover crop interseeded in barley on NO;-N leaching and availability of N to
the main crop (Bergstrom and Jokela 2001). Barley yields and total fertilizer N uptake in year
one (1992) were unaffected by cover crop. Study results clearly show that a ryegrass cover
crop, interseeded in spring barley for one season, substantially reduced NO3-N leaching. In that
case, leaching was reduced by two-thirds in the first year and by more than 50 percent over a
2-year period. The cover crop reduced NO3-N concentration in the leachate to levels (about

3 mg/L) well below the U.S. and European drinking water standards, compared with
approximately 15 mg/L without a cover crop. Barley yield was not significantly affected by the
presence of the interseeded ryegrass cover crop during the first year, although it was reduced
somewhat during the residual year.

In a 2-year lysimeter study in Switzerland, three non-winter hardy catch crops (sunflower, yellow
mustard, and phacelia) were compared with fallow at low (4 g N/m?%/yr) and high (29 g N/m?/yr)
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N input levels in a spring wheat-catch crop succession (Herrera and Liedgens 2009). Catch
crops reduced N leaching by 31-36 percent and by 16—24 percent versus fallow at the low-N
and high-N input levels, respectively, but the capacity of the catch crop for recycling N in situ
and to increase grain yield and N uptake of the successive spring wheat varied among catch
crop species and depended on the level of N input. Although the catch crops reduced N
leaching for the entire crop succession, it was mostly from reductions during the periods when
water percolation and NO3 concentration in the soil solution were high (i.e., winter and autumn).
A significant amount of the N saved from leaching during autumn and winter was lost during the
spring wheat season.

Brandi-Dohrn et al. (1997) used a randomized complete-block split plot design with three N
application rates (0 to 280 kg N/hal/yr) to compare winter NOs-N leaching losses under winter-
fallow and a winter cereal rye cover crop following the harvest of sweet corn or broccoli. At the
recommended N rate for the summer crops, NO; leaching losses were 48 kg N/ha under sweet
corn-winter-fallow for winter 1992-1993, 55 kg N/ha under broccoli-winter-fallow for winter 1993—
1994, and 103 kg N/ha under sweet corn-winter-fallow for winter 1994—1995, which were reduced
to 32, 21, and 69 kg N/ha, respectively, under winter cereal rye. For the first two winters, most of
the variation (61 percent) in NO; leaching was explained by N rate (29 percent), cereal rye N
uptake (17 percent), and volume of leachate (15 percent). Seasonal, flow-weighted concentrations
at the recommended N rate were 13.4 mg N/L under sweet corn-winter-fallow (1992—1993),

21.9 mg N/L under broccoli-winter-fallow, and 17.8 mg N/L under sweet corn-winter-fallow (1994—
1995), which were reduced by 39, 58, and 22 percent, respectively, under winter cereal rye.

In Denmark, a 24-year-old permanent field trial on coarse sand with spring-sown crops (wheat)
was used in a NO; leaching study to determine both the effect of long-term cover crop use
compared with the introduction of perennial ryegrass as a cover crop on plots with a history of
no previous cover crop use as well as the effect of discontinuing long-term use of ryegrass as a
cover crop compared with no previous cover crop use (Hansen et al. 2000). From the 4-year
average for two N rates (60 and 120 kg/N halyr), it was found that leaching was 14 kg/N hal/yr or
29 percent higher in plots with long-term previous cover crop use than in plots without. The
effect of previous long-term use of ryegrass as a cover crop lasted at least 4 years, and the
authors concluded that if the higher N mineralization from long-term use of a cover crop is not
taken into consideration by adjusting the cropping system, the reduction in NO3 leaching caused
by the cover crop might not be as significant in the long term.

Van Vliet et al. (2002) compared different fall-manure application strategies on runoff and
contaminant transport from silage corn land in the Lower Fraser Valley of British Columbia.
They had three treatments: a control that did not receive manure in the fall, manure broadcast in
the fall on corn stubble, and manure broadcast in the fall on corn stubble with an established
relay crop. Runoff, solids, and nutrients loads from natural precipitation were measured on
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replicated experimental plots (0.0125 ha) from 1996 to 1998. Fall-applied manure on 3-5
percent sloping silage corn without a relay crop yielded high suspended solids export of
between 7 and 14 Mg/ha/yr and high nutrient transport with mean annual TKN, P, and K losses
of 98, 21, and 63 kg/ha respectively. Compared with no relay crop, intercropping silage corn
with a relay crop of ltalian ryegrass reduced the mean annual runoff and suspended solid load
by 53 and 74 percent, respectively, TKN load by 56 percent, P load by 42 percent, K load by

31 percent, and Cu load by 57 percent. Even though total nutrient loads were lower with the
relay crop treatment, all fall manure treatments including the relay crop resulted in nutrient loads
above local guidelines for the first three runoff events immediately following application.

Practice Costs

The Chesapeake Bay Commission (2004) evaluated 34 nutrient and sediment-reduction
practices representing a wide range of specific actions associated with wastewater treatment
plants, agriculture, urban stormwater, land preservation, forestry, and air pollution. The analysis
resulted in identifying six measures that could achieve a substantial portion of the N, P, and
sediment-reduction goals set for the period 2002—-2010 in the Chesapeake 2000 agreement.
One of those practices is enhanced adoption of late cover crops and use of early cover crops to
absorb excess nutrients in the soil. The report estimates that implementing fall cover crops at
the maximum extent feasible (0.83 million hectares) in the watershed could achieve annual N
reductions of 6,893 Mg of N at $9.54/kg (2010 dollars), 99.8 Mg of P, and 49.9 Mg of sediment
at no additional cost. Maximum feasible implementation of early cover crops could provide
annual reductions of 3,673 Mg of N at $5.90/kg and 99.8 Mg of P and 049.9 Mg of sediment at
no additional cost.

Factors affecting the economics of cover crop use consist of the following (SAN 2007):

e The cash crop grown

e The cover crop selected

e Time and method of establishment
e Method of termination

e The cash value applied to the environment, soil productivity, and soil protection benefits
derived from the cover crop

e The cost of N fertilizer and the fertilizer value of the cover crop

e The cost of fuel

The economic picture is most affected by seed costs, energy costs and N fertility dynamics in
cover crop systems (SAN 2007). Cover crop seed costs vary considerably from year to year and
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from region to region, but historically, legume cover crops cost about twice as much to establish
as small grain covers. The increased cost of the legume cover crop seed can be offset by the
value of N that legumes can replace. Depending on the system in place on a farm, legume
cover crops can replace 50 to 112 kg N/ha. On the other hand, a rye cover crop terminated at a
late stage of growth might require an additional 22—34 kg N/ha because of N immobilization by
the wide C:N ratio rye residue. Thus, the difference in cost between a rye cover crop and a
legume cover crop would be offset by the value of 73 to 140 kg N/ha. At a price of $0.21/kg N
(2010 dollars), it would be worth $75/ha to $145/ha.

The highest cost for annual cover crops is for the seed, with hairy vetch and crimson clover
typically ranging from $1.30 to $3.90/kg (2010 dollars) (Sullivan 2003). With a 22.4-kg/ha
seeding rate, seed costs range from $30 to $86/ha. With a 28-kg/ha seeding rate at $2.22/kg
and a $7.69 no-till drilling cost, it would cost $82/ha to plant this cover crop.

Saleh et al. (2005) used the modified SWAT (SWAT-M) and FEM (Farm-level Economic Model)
models to evaluate the environmental and economic impacts of various BMP scenarios often
adopted by local farmers to reduce sediment and nutrient loadings (in particular NO3-N).
Measured values of water quality indicators from the Walnut Creek watershed in central lowa
were used to verify the capability of SWAT-M to predict the impact of late-spring NO; test
(LSNT) and rye cover crop management on NO3-N reduction at the subbasin level. The results
obtained from SWAT-M simulation results, similar to field measurement data, indicated a

25 percent reduction in NO3-N under the LSNT scenario. FEM results indicated a corresponding
increased annual cost of $6.69/ha (2010 dollars) across all farms in the watershed. Simulating
other scenarios, including winter cover cropping and a combination of LSNT and cover cropping
at different adoption rates within WCW, resulted in a progressive reduction in sediment and
nutrient losses as adoption rates increased. Using the rye cover crop added about $28/ha to
$39/ha to the annual cost of the average farm, indicating that some cost-share support might be
necessary to encourage farmers to use winter cover crops.

In an application of the Annualized Agricultural Nonpoint Source pollutant loading model
(AnnAGNPS 2.1) to a 12-ha Mississippi Delta Management System Evaluation Area (MDMSEA)
subwatershed, cover crops, filter strips, grade control pipes, and impoundments were modeled
in combination with three tillage systems: conventional tillage, reduced tillage, and no-till (Yuan
et al. 2002). Costs of management practices were estimated using 2001 state average prices
for Mississippi, and amortized fixed costs—using a 25-year planning horizon and interest rates
of both 5 percent and 10 percent—were combined with direct annual costs into total annual cost
estimates. AnnAGNPS predicted that no-till alone, reduced tillage with winter cover and an
edge-of-field pipe, or conventional tillage with a small permanent impoundment (covering less
than 3 percent of the watershed) would all reduce sediment yield by at least 50 percent. The
most cost-effective BMPs were managing volunteer winter weeds as cover crops and various
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types of edge-of-field grade-control pipes. The average marginal cost using BMPs for sediment
yield reduction was about $9.84/MT ($8.98/t) (2010 dollars) for conventional and reduced tillage.
The cost was higher, about $13.16/MT ($11.93/t), for no-till because the practice of no-till alone
reduced sediment yield by half, and further marginal reductions were more expensive.

An assessment of options to address NO; problems in the Neuse River Basin of North Carolina
concluded that cover crops can reduce N loading to shallow groundwater by 5 to 15 percent
(Wossink 2001). Conservation tillage, including cover crops, is identified as one of the three
best options for N reduction in the Piedmont region, and the cost of a wheat cover crop is
estimated at $230/ha with $0 in net receipts, for a net revenue of -$230/ha.

Franzluebbers (2005) summarizes research on some of the key components that could produce
viable integrated crop-livestock production systems in the Southeast: sod-based crop rotation,
cover cropping, intercropping, and conservation tillage. Despite its agronomic benefits, adopting
cover cropping appears to be limited because of cost without immediate economic benefit, but
the author suggests that grazing of cover crops could provide such an immediate economic
benefit to producers. On the basis of the research reviewed, barriers to adopting integrated
crop—livestock systems include lack of experience or time to manage both the crops and
livestock. Franzluebbers reviewed several studies regarding economic returns from grazing
livestock and found the following:

e Livestock increased labor required on an average North Dakota farm by about
50 percent, but only about 30 percent of the additional time competed directly during
critical crop management. Net economic return attributed to livestock increased whole
farm income by about 20 percent.

e Ten steers and heifers were grazed on a 4-ha area of rye or ryegrass cover crop at the
Sunbelt Agricultural Exposition near Moultrie, Georgia. The equivalent of $346 +$69/ha
(2010 dollars) greater gross income was generated in the value of animal gain
(assuming $1.95/kg animal gain).

o A 3-year experiment was conducted at Headland, Alabama, to compare the effect of 