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Part 500

Authorities, Policies, and

Responsibilities

Subpart 500A Authority

500.00 Description of authorities

The U.S. Department of Conservation (USDA) Soil
Conservation Service (SCS) was renamed the Natural
Resources Conservation Service (NRCS) by Secre-
tary’s Memorandum 101-1 of November 20, 1994. This
action was authorized by the Federal Crop Insurance
Reform and Department of Agriculture Reorganization
Act of 1994 (Public Law 103-354). The SCS had been
created in USDA by the Soil Conservation and Domes-
tic Allotment Act of 1935 (Public Law 74—46).

Public Law 74-46 authorized a broad program of soil
and water conservation, and it is still the basic author-
ity for the Agency’s work with farmers and conserva-
tion districts.

500.01 Purpose of the National
Agronomy Manual

The National Agronomy Manual (NAM) contains
policy for agronomy activities and provides technical
procedures for uniform implementation of agronomy
tools and applications. This manual is meant to com-
plement all established USDA and NRCS policies and
guidelines.

Subpart 500B Agronomic
policies

500.10 Location of policy

Agronomic policies are contained in specific parts and
subparts of the NAM as appropriate.

500.11 Amendments to NAM

The NAM will be amended as additional research is
completed, existing methods or procedures are updat-
ed, or new technology is developed and approved for
use in the NRCS. The national agronomist is respon-
sible for updating this manual.
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Subpart 500C Responsibilities
of agronomists

500.20 Responsibilities of national,
State, area, and field agronomists

The national agronomist, nutrient management spe-
cialists, and pest management specialists at the na-
tional level and agronomists on the center staffs and
the National Technical Support Centers provide staff
assistance in all NRCS programs and provide national
leadership on NRCS agronomy-related activities. They
are responsible for:

e assisting upper management in formulating and
recommending national policies, procedures,
and standards

¢ technical leadership and guidance; quality con-
trol

e national coordination of agronomy with other
NRCS technical fields

e promoting and maintaining relations with
groups and agencies that have common interest
in agronomy

¢ technology transfer and direct technical sup-
port to States and State staff

State agronomists provide staff assistance to the State
conservationist for all agronomy and related functions.
They are responsible for:

e assisting in developing State policies, proce-
dures, and instructions, and coordinating them
with other States within the region

e providing technical leadership and guidance to
other agronomists and appropriate personnel
within the State

e collaborating with other State staff members
to ensure interdisciplinary action in all NRCS
programs

e training field personnel

e participating in agronomy components of ap-
praisals and reviews

* maintaining working relations with research
centers and other cooperating agencies

e developing and revising of all aspects of Field
Office Technical Guides related to agronomy

e providing assistance in interdisciplinary tech-
nical reviews of project plans, environmental
impact statements, and other technical materials

e coordinating agronomy functions with other
States in the region and across regional bound-
aries as appropriate

Area, zone, or field level agronomists provide staff
assistance in all NRCS programs. They are responsible
for carrying out the requirements of conservation
agronomy consistent with technical proficiency, train-
ing, interdisciplinary action, and quality control within
their administrative area. In some cases, these agrono-
mists may carry out some of the responsibilities of the
State agronomists, if so delegated.

Agronomists in the mentioned positions may provide
specific functions through team or ad hoc assignments
at a National, regional, or State level. Each agrono-
mist has the responsibility to develop a training needs
inventory and to work with their supervisor to obtain
technical training to improve the overall agronomic
expertise.

500.21 Technical information—
preparing, transferring, and training

Agronomists at all levels use technical information
that has been developed by researchers, universities,
institutes, and private sources to maintain techni-

cal materials for the administrative area they serve.
Agronomists at all administrative levels develop and
review field office technical guide materials and en-
sure materials are technically correct, comprehensive,
and useful to the end user.

NRCS policy on preparing and maintaining technical
guides is in General Manual (GM) Title 450, Part 401.
In addition, State agronomists are responsible for tech-
nical notes and other agronomy technical materials
that are applicable to the State.
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Agronomists issue technical information at the area,
State, or national level. This may include original in-
formation, research notes, papers, or excerpts of such
material. All agronomists are encouraged to submit
articles for publication or presentation at professional
meetings. Technical information presented or pre-
pared for publication shall have an appropriate techni-
cal and or administrative review and include crediting
of appropriate references per GM450 Part 410, Subpart
B, Scientific and Technical Publications Review Pro-
gram.

Agronomists receive and provide training necessary

to maintain technical competency at all administrative
levels. Training includes, but is not limited to, National
Employee Development Center courses, workshops,
conferences, university courses, and on-the-job training.

500.22 Certification

Agronomists at all levels of the Agency are encouraged
to obtain professional certification(s). Examples of cer-
tification programs include the Certified Crop Adviser
(CCA), Certified Professional Agronomists (CPAg)
under ARCPACS of the American Society of Agronomy,
and Certified Professional in Erosion and Sediment
Control (CPESC) of the Soil and Water Conservation
Society. Continuing educational requirements of most
certification programs provide excellent opportunities
to stay abreast of advances in technology.

500.23 Affiliation with professional
organizations

Agronomists at all levels are encouraged to be active
members of professional scientific societies, such as
the American Society of Agronomy, Soil Science Soci-
ety of America, Crop Science Society of America, the
Soil and Water Conservation Society. These organiza-
tions provide opportunities to interact with research-
ers at the national and State level and to stay current
on the latest technology.
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Part 501

Water Erosion

Subpart 501A Introduction

501.00 Overview of water erosion

This part presents United States Department of Ag-
riculture (USDA) Natural Resources Conservation
Service (NRCS) policy and procedures for estimating
soil erosion by water. It explains the types, the method
used to estimate, and the management of soil erosion
by water. NRCS technical guidance related to water
erosion shall conform to policy and procedures set
forth in this part.

The Agricultural Research Service (ARS) has primary
responsibility for erosion prediction research within
the USDA. ARS is the lead agency for developing
erosion prediction technology, including the Revised
Universal Soil Loss Equation version 2 (RUSLE2). The
majority of the technology in RUSLEZ2 is documented
in the publication Predicting Soil Erosion by Water: A
Guide to Conservation Planning With the Revised Uni-
versal Soil Loss Equation (RUSLE), USDA Handbook
703, hereafter referred to as the Agriculture Handbook
703. The reader is referred to the Agriculture Hand-
book 703 for a detailed description of RUSLEZ2 tech-
nology and parameter effects on soil loss,

Subpart 501B Water Erosion

501.10 Forms of water erosion

Forms of soil erosion by water include sheet and

rill, ephemeral gully, classical gully, and streambank.
Each succeeding type is associated with the progres-
sive concentration of runoff water into channels as it
moves downslope. Sheet erosion, sometimes referred
to as interrill erosion, is the detachment of soil parti-
cles by raindrop impact and the removal of thin layers
of soil from the land surface by the action of rainfall
and runoff. Rill erosion is the formation of small, gen-
erally parallel channels formed by runoff water. Rills
usually do not re-occur in the same place. Ephemeral
gullies are concentrated flow channels formed when
rills converge to form shallow channels. They can eas-
ily be filled with soil by typical tillage operations and
re-formed in the same general location by subsequent
runoff events. Classical gullies are also concentrated
flow channels formed when rills converge. These are
well defined, permanent incised drainageways that
cannot be crossed by ordinary farming operations.

Other forms of erosion that are related to soil erosion
by water include stream channel and geologic. Stream
channel erosion refers to the degradation of channels
and waterways. Geologic erosion refers to long-term
erosion effects, as opposed to accelerated erosion
events described in this subpart.

No reliable methods exist for predicting the rate of
ephemeral gully, classical gully, stream channel, or
geologic erosion. However, the science is under de-
velopment to add ephemeral gully erosion estimates
to water erosion prediction models. The remainder
of this part deals only with prediction and control of
sheet and rill erosion.

501.11 The water erosion process
Detachment, transport, and deposition of soil particles
caused by raindrop impact and surface runoff are
known as the processes of sheet and rill erosion.
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Detachment is the removal of particles from the soil
mass and is expressed in units, such as tons per acre
and is referred to as sediment.

The movement of sediment downslope is sediment
transport. A measure of sediment transport is sedi-
ment load. Sediment load on a slope increases with
distance downslope as long as detachment is occur-
ring. That is, detachment adds to the sediment load.

Where runoff is slowed along the slope, at the base

of a slope, or by dense vegetation, deposition occurs.
Deposition is the transfer of sediment from the sedi-
ment load to the soil mass. That is, deposition removes
sediment from the sediment load, and accumulates on
the soil surface.

Two types of deposition, remote and local, occur. Re-
mote deposition occurs some distance away from the
origin of the sediment. Depositions at the toe of a con-
cave slope, on the uphill side of vegetative strips, and
in terrace channels are examples of remote deposition.
Local deposition is where sediment is deposited near,
within several inches, of where it is detached. Deposi-
tion in microdepressions and low gradient furrows are
also examples of local deposition.

Subpart 501C Estimating sheet
and rill erosion

501.20 How, why, and by whom water
erosion is estimated

NRCS estimates soil erosion by water as part of its
technical assistance to land users. In conservation
planning, erosion estimates are made for an existing
management system and compared with alternative
systems and with soil loss tolerance (T) values.

In addition, soil loss estimates are used to inventory
natural resources, evaluate the effectiveness of con-
servation programs and land treatment, and estimate
sediment production from fields that might become
sediment yield in watersheds.

Title 450 National Instruction Part 300 issued in July
2002 required that RUSLEZ2 be fully implemented in all
NRCS field offices where water erosion is a resource
issue by the end of calendar year 2002. In 2002, NRCS
adopted RUSLEZ as the official tool for predicting soil
erosion by water. NRCS continues to use some USLE
components for certain provisions of Farm Bill pro-
grams, most notably it uses USLE soil factors in deter-
mining if fields are Highly Erodible Land.

501.21 Methods of estimating sheet and
rill erosion

Efforts to predict soil erosion by water started in the
1930s. Cook (1936) identified the major variables that
affect erosion by water. Zingg (1940) published the
first equation for calculating field soil loss. Smith and
Whitt (1947) presented an erosion-estimating equation
that included most of the factors present in modern
soil loss equations. The Musgrave equation (Musgrave
1947) was a soil loss equation developed for farm
planning. Finally, an effort was initiated to develop a
national equation from the various state and regional
equations that existed in the 1950s. In 1954, the ARS
established the National Runoff and Soil Loss Data
Center at Purdue University in West Lafayette, Indiana,
to consolidate all available erosion data. Using the
data assembled at the Data Center, Wischmeier and
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Smith (1965) developed the Universal Soil Loss Equa-
tion (USLE).

The USLE was a consolidation of several regional soil
loss equations, and was based on summarizing and
statistical analyses of more than 10,000 plot-years of
basic runoff and soil loss data from 49 United States
locations (Agriculture Handbook 703, 1997; Wischmei-
er and Smith 1965, 1978).

The USLE was designed to provide a convenient work-
ing tool for conservationists. It quantifies soil erosion
as a product of six factors representing rainfall and
runoff erosiveness, soil erodibility, slope length, slope
steepness, cover-management practices, and support-
ing practices.

ARS released RUSLE in 1992 as a computer program
in the DOS environment. The model calculates soil
loss from a field slope using values for each factor
and using data elements from climate, plant, and field
operation databases.

501.22 The Revised Universal Soil Loss
Equation version 2 (RUSLE?2)

Since implementation during 2002, RUSLE2 has been
used by NRCS to estimate soil loss by water. RUSLE2
predicts long-term average annual soil loss from sheet
and rill erosion. RUSLEZ is an update of the Revised
Universal Soil Loss Equation (RUSLE) as described
in Agriculture Handbook 703. RUSLEZ utilizes a com-
puter program to facilitate the calculations. RUSLE2
technology reflects the analysis of research data that
were unavailable when Agricultural Handbook 282
(Wischmeier and Smith 1965), Agriculture Handbook
537, and Agriculture Handbook 703 were completed,
including subsequent technology development.

The average annual soil loss from sheet and rill ero-
sion is computed based on the following equation:

A=RxKXxLxSxCxP

where

A = the computed spatial average soil loss and
temporal average soil loss per unit of area
(usually expressed in units of T/a/yr)

R = the rainfall-runoff erosivity factor (the
rainfall erosion index value plus a factor for
any significant snowmelt runoff)

K = the soil erodibility factor (the soil loss rate
per erosion index unit for a specified soil
as measured on a standard plot that is 22.1
meters long with a uniform 9 percent slope
in continuous clean-tilled fallow)

L = the slope length factor (the ratio of soil loss
from the field slope length and soil loss
from standard plot length under otherwise
identical conditions)

S = the slope steepness factor (the ratio of
soil loss from the field slope gradient and
soil loss from standard plot gradient under
otherwise identical conditions)

C = the cover-management factor (the ratio of
soil loss from an area with specified cover/
management and soil loss from an other-
wise identical area in continuous clean-
tilled fallow)

P = the support practice factor (the ratio of soil
loss with a support practice like contouring,
strip cropping or terracing and soil loss with
straight-row farming up and down the slope)

501.23 Limitations of the equation

The term Universal distinguishes the USLE, RUSLE
and RUSLE2 from State and regionally based models
that preceded them. However, the use of these equa-
tions is limited to situations where factors can be
accurately evaluated and to conditions for which they
can be reliably applied (Wischmeier 1978; Agriculture
Handbook 703, 1997).

RUSLE2 predicts long-term average annual soil loss
carried by runoff from specific field slopes under
specified cover and management systems. It is not
appropriate to use RUSLEZ2 to predict specific erosion
events associated with single storms or short-term
random fluctuations. RUSLE2 also estimates sediment
yield for the amount of eroded soil leaving the end

of a slope with certain support practices. It does not
predict sediment yield for the amount of sediment that
is delivered to a point in a watershed, such as the edge
of a field that is remote from the origin of the detached
soil particles. Nor does RUSLE2 predict erosion that
occurs in concentrated flow channels.
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501.25 Data needed to support RUSLE2

RUSLEZ uses soil erodibility, K, values from the NASIS
Soils Database. The RUSLEZ2 user inputs the appropri-
ate soil type/component for the defined slope being
evaluated. Climatic data (R) is obtained from National
Weather Service weather stations with reliable long-
term data. State and area agronomists have developed
management records for the different crops in their
areas from which RUSLE2 calculates cover and man-
agement factors (C).

The crop database in RUSLE2 contains plant growth
and residue production parameters. Values for many of
these parameters are available in a database for a wide
variety of plants.

The operations database in RUSLEZ contains the

soil and residue disturbance parameters. Values are
available for a very large number of field operations
ranging from a spade to numerous types of harvesting
equipment.

Development and maintenance of databases used by
NRCS in erosion prediction models are the responsi-
bility of NRCS agronomists at the State and national
levels. Refer to part 509 in this manual for more
detailed information on database management and in-
structions. The national database manager maintains a
database management plan that identifies the process
of developing and maintaining databases needed to
support RUSLE2. Databases for all States are available
in electronic format from the official RUSLEZ2 web-
site (hitp://fargo.nserl.purdue.edu/rusle2_dataweb/
RUSLEZ2_Index.him). Length of slope (L) and steep-
ness of slope (S) are entered by the user based on the
slope and length being evaluated.

501.26 Tools for using RUSLE2

Most States and basin areas have developed county-
based climatic maps for their areas. These contain
the detail that is desired when applying RUSLE2 to
specific field situations, and are available in NRCS
State offices and, in many cases, from the Field Office
Technical Guide.

Subpart 501D Principles of
water erosion control

501.30 Overview of principles

The principle factors that influence soil erosion by wa-
ter are climate, soil properties, topography, vegetative
cover, and conservation practices. Climate and soil
properties are conditions of the site and are not modi-
fied by ordinary management measures. Conservation
treatment primarily involves manipulation of vegeta-
tive cover, modification of topography, and manipula-
tion of soil conditions in the tillage zone.

The greatest deterrent to soil erosion by water is veg-
etative cover, living or dead, on the soil surface. Cover
and cultural practices influence both the detachment
of soil particles and their transport. Growing plants
and plant residue absorb the energy of raindrops,
decrease the velocity of runoff water, and help create
soil conditions that resist erosion. Cultural practices
that affect vegetative cover include crop rotations,
cover crops, management of crop residue, and tillage
practices.

501.31 Relation of soil loss values to
RUSLEZ2 factors

In conservation planning, cover and management(C
factor) and practice implementation (P factor) can be
modified or selected in RUSLEZ2 to develop alterna-
tives for erosion reduction. In addition, where slope
length is reduced by installing terrace or diversion
systems, the slope length and steepness factor (LS)
will be reduced. Using RUSLEZ2 technology, estimates
of erosion reduction are illustrated in the C subfactors.
Benefits to erosion control are achieved in the:

e prior land use subfactor by increasing the mass
of roots and buried residue and increasing peri-
ods since soil disturbance

e canopy cover subfactor by increasing the
canopy cover of the field area and low raindrop
fall height from the canopy
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e surface cover subfactor by increasing the
ground cover of plant residue, and by perma-
nent cover such as rock fragments

¢ surface roughness subfactor by increasing the
random surface roughness that ponds water,
and thereby reduces the erosive effect of rain-
drops and traps sediment

¢ s0il moisture subfactor by growing moisture-
depleting crops. This benefit is only applied
in RUSLE in the Northwest Wheat and Range
Region of the western United States

When support practices are applied, they become
integral parts of a resource management system for
controlling soil erosion by water. Contour farming,
contour stripcropping, and conservation buffers form
ridges on or near the contour that slow runoff and trap
sediment. Terraces and diversions intercept concen-
trated runoff flows and, in many cases, shorten the
length of slope.

Some erosion control practices, such as grassed wa-
terways and water control structures, do not substan-
tially reduce sheet and rill erosion. While these can be
effective erosion control practices for concentrated
flow (in the case of grassed waterways) in a resource
management system, they are not a part of the soil loss
reduction that is estimated by RUSLE2.
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Part 502

Wind Erosion

Subpart 502A Introduction

502.00 Overview

This part presents U.S. Department of Agriculture
(USDA) Natural Resources Conservation Service
(NRCS) policy and procedures for estimating wind
erosion. It explains the Wind Erosion Prediction Sys-
tem (WEPS) and provides guidance and reference on
wind erosion processes, prediction, and control. NRCS
technical guidance related to wind erosion conforms
to policy and procedures in this part.

This part will be amended as additional research on
wind erosion and its control is completed and pub-
lished. The national agronomist is responsible for
updating this chapter and coordinating wind erosion
guidance with Agricultural Research Service (ARS).

Understanding the erosive forces of wind is essential
to properly use WEPS and interpret wind erosion data.
NRCS predicts erosion rates, assesses potential dam-
age, and plans control systems to address wind ero-
sion.

The ARS has primary responsibility for erosion predic-
tion research within the USDA. Wind erosion research
is conducted by the Wind Erosion Research Unit at
Manhattan, Kansas, and the Cropping Systems Re-
search Unit at Big Spring, Texas.

Subpart 502B Wind Erosion

502.10 The wind erosion problem

Wind is an erosive agent. It detaches and transports
soil particles, sorts the finer from the coarser par-
ticles, and deposits them unevenly. Loss of the fertile
topsoil in eroded areas reduces the rooting depth and,
in many places, reduces crop yield. Abrasion by air-
borne soil particles damages plants and constructed
structures. Drifting soil causes extensive damage to
adjacent land, roads, and drainage features. Sand and
dust in the air can harm animals, humans, and equip-
ment. Wind erosion events have caused major highway
accidents.

Some wind erosion has always occurred as a natural
land-forming process, but it has become detrimental as
a result of human activities. This accelerated erosion
is primarily caused by improper use and management
of the land (Stallings 1951).

Few regions are entirely safe from wind erosion.
Wherever the soil surface is loose and dry, vegetation
is sparse or absent, and the wind sufficiently strong,
erosion will occur unless control measures are ap-
plied (1957 Yearbook of Agriculture). Soil erosion by
wind in North America is generally most severe in the
Great Plains. The NRCS annual report of wind erosion
conditions in the Great Plains shows that wind erosion
damages from 1 million to more than 15 million acres
annually, averaging more than 4 million acres per year
in the 10-State area. USDA estimated that nearly 95
percent of the 6.5 million acres put out of production
during the 1930s suffered serious wind erosion dam-
age (Woodruff 1975). Other major regions subject to
damaging wind erosion are the Columbia River plains;
some parts of the Southwest and the Colorado Basin,
the muck and sandy areas of the Great Lakes region,
and the sands of the Gulf, Pacific, and Atlantic sea-
boards.

In some areas, the primary problem caused by wind
erosion is crop damage. Some crops are tolerant
enough to withstand or recover from erosion damage.
Other crops, including many vegetables and specialty
crops, are especially vulnerable to wind erosion dam-
age. Wind erosion may cause significant short-term
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economic loss in areas where erosion rates are below
the soil loss tolerance (T) when the crops grown in that
area are easily damaged by blowing soil (table 502-1).

502.11 The wind erosion process

The wind erosion process is complex. It involves
detaching, transporting, sorting, abrading, avalanch-
ing, and depositing of soil particles. Turbulent winds
blowing over erodible soils cause wind erosion. Field
conditions conducive to erosion include:

loose, dry, and finely granulated soil

smooth soil surface that has little or no vegeta-
tion present

sufficiently large area susceptible to erosion

sufficient wind velocity to move soil

Winds are considered erosive when they reach 13

miles per hour at 1 foot above the ground or about 18

miles per hour at a 30 foot height. This is commonly
referred to as the threshold wind velocity (Lyles and

Krauss 1971).The WEPS model sets this threshold by
the hourly conditions in the field. As the field or wind

conditions change the threshold changes.

The wind transports single grain particles or stable ag-

gregates, or both, in three ways (fig. 502-1):

Saltation—Individual particles/aggregates ranging
from 0.1 to 0.5 millimeter in diameter lift off the sur-
face at a 50- to 90-degree angle and follow distinct
trajectories under the influence of air resistance and

gravity. The particles/aggregates return to the surface

at impact angles of 6 to 14 degrees from the horizon-

tal. Whether they rebound or embed themselves, they
initiate movement of other particles/aggregates to cre-

ate the avalanching effect. Saltating particles are the

abrading bullets that remove the protective soil crusts

and clods. Most saltation occurs within 12 inches

above the soil surface and typically, the length of a sal-
tating particle trajectory is about 10 times the height.
From 50 to 80 percent of total transport is by saltation.

Table 502-1 Crop tolerance to blowing soil
|
Tolerant Moderate tolerance Low tolerance Very low tolerance
T 2 ton/a 1 ton/a 0 to 0.5 ton/a
Barley Alfalfa (mature) Broccoli Alfalfa seedlings
Buckwheat  Corn Cabbage Asparagus
Flax Onions (>30 days) Cotton Cantaloupe
Grain Sor- Orchard crops Cucumbers Carrots
ghum Soybeans Garlic Celery
Millet Sunflowers Green/snap Eggplant
Oats Sweet corn beans Flowers
Rye Lima beans Kiwi fruit
Wheat Peanuts Lettuce
Peas Muskmelons
Potatoes Onion seedlings (<30 days)
Sweet potatoes  Peppers
Tobacco Spinach
Squash
Strawberries
Sugar beets
Table beets
Tomatoes
Watermelons
502-2 (190-V-NAM, 4th Ed, February 2011)
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Surface creep—Sand-sized particles/aggregates are set
in motion by the impact of saltating particles. Under
high winds, the whole soil surface appears to be creep-
ing slowly forward as particles are pushed and rolled by
the saltation flow. Surface creep may account for 7 to 25
percent of total transport (Chepil 1945 and Lyles 1980).

Suspension—The finer particles, less than 0.1 millime-
ter in diameter, are dislodged from an eroding area by
saltation and remain in the air mass for an extended
period. Some suspension-sized particles or aggregates
are present in the soil, but many are created by abra-
sion of larger aggregates during erosion. From 20 per-
cent to more than 60 percent of an eroding soil may be
carried in suspension, depending on soil texture. As a
general rule, suspension increases downwind, and on
long fields can easily exceed the amount of soil moved
in saltation and creep.

Saltation and creep particles are deposited in veg-
etated strips, ditches, or other areas sheltered from the
wind, as long as these areas have the capacity to hold
the sediment. Particles in suspension, however, may
be carried a great distance.

The rate of increase in soil flow along the wind direc-
tion varies directly with erodibility of field surfaces.
The increase in erosion downwind (avalanching) is
associated with the following processes:

e the increased concentration of saltating par-
ticles downwind increases the frequency of
impacts and the degree of breakdown of clods
and crusts

e the accumulation of erodible particles and
breakdown of clods tends to produce a smooth-
er (and more erodible) surface

Figure 502-1
——

The wind erosion process

o'« Suspension

// // Saltation _/'.-

I

The distance required for soil flow to reach a maxi-
mum for a given soil is the same for any erosive wind.
The more erodible the soil surface, the shorter the dis-
tance in which maximum flow is reached. Any factor
that influences the erodibility of the surface influences
the increase in soil flow.

502.12
control

Principles of wind erosion

Five principles of wind erosion control have been
identified (Lyles and Swanson 1976; Woodruff et al.
1972; and Woodruff and Siddoway 1965). These are:

e Establish and maintain adequate vegetation or
other land cover.

e Reduce unsheltered distance along wind ero-
sion direction.

¢ Produce and maintain stable clods or aggre-
gates on the land surface.

e Roughen the land with ridge and/or random
roughness.

e Reshape the land to reduce erosion on knolls
where converging windflow causes increased
velocity and shear stress.

The cardinal rule of wind erosion control is to strive to
keep the land covered with vegetation or crop residue
at all times (Chepil 1956). This leads to several princi-
ples that should be paramount as alternative controls
are considered:

e Return all land unsuited to cultivation to per-
manent cover.

e Maintain maximum possible cover on the sur-
face during wind erosion periods.

e Maintain stable field borders or boundaries at
all times.

e Keep all residue standing as long as possible
(standing residue is at least 3 time more effec-
tive at controlling wind erosion than flat resi-
due
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502.13 Tolerances in wind erosion
control

In both planning and inventory activities, NRCS com-
pares estimated erosion to soil loss tolerance (T). T
is expressed as the average annual soil erosion rate
(tons/acre/year) that can occur in a field with little or
no long-term degradation of the soil resource, thus
permitting crop productivity to be sustained for an
indefinite period.

Soil loss tolerances for a named soil are recorded in
the soil survey database in National Soil Information
System (NASIS). WEPS can use the .mdb soil database
from field office NRCS server or go directly to the
National Soil Survey site for the data needed to make a
soil loss estimate.

The normal planning objective is to reduce soil loss by
wind or water to T or lower. In situations where treat-
ment for both wind and water erosion is needed, soil
loss estimates using the WEPS and RUSLEZ2 are not
added together to compare to T, but are solved sepa-
rately to find a treatment system that will adequately
address both the wind and water erosion. Additional
impacts of wind erosion that should be considered are
damage to crops (crop tolerance) and the potential off-
site damages, such as air and water pollution and the
deposition of soil particles.

(a) Crop tolerance to blowing soil

Crop tolerance to soil blowing is an important consid-
eration in wind erosion control. Wind or blowing soil,
or both, can have an adverse effect on growing crops.
Most crops are more susceptible to abrasion or other
wind damage at certain growth stages than at others.
Damage can result from desiccation, abrasion, and
twisting of plants by the wind.

Crop tolerance can be defined as the maximum wind
erosion that a growing crop can tolerate, from crop
emergence to field stabilization, without an economic
loss to crop stand, crop yield, or crop quality.

Many common crops have been categorized based on
their tolerance to blowing soil. These categories of some
typical crops are listed in table 502-1. Crops may toler-
ate greater amounts of blowing soil than shown in table
502-1, but yield and quality will be adversely affected.

(b) The effects of wind erosion on water quality

Some of the adverse effects of wind erosion on water
quality include:

e Deposition of phosphours (P) into surface
water

¢ Increased Biochemical Oxygen Demand (BOD)
in surface water

e Reduced stream conveyance capacity because
of deposited sediment in streams and drainage
canals

Local water quality guidelines under Total Maximum
Daily Loads (TDML) for nutrients may require that
wind erosion losses be less than the soil loss tolerance
(T) in order to achieve local phosphorus (P) or other
pollutant reduction goals.
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Subpart 502C Estimating Wind
Erosion

502.20 How, why, and by whom wind
erosion is estimated

NRCS estimates erosion rates to:

e help land users plan and apply conservation
management systems

¢ inventory natural resources

e evaluate the effectiveness of conservation
programs and conservation treatment applied
to the land

Wind erosion is difficult to measure. Wind moves
across the land in a turbulent, erratic fashion. Soil may
blow into, within, and out of a field in several direc-
tions in a single storm. The direction, velocity, dura-
tion, and variability of the wind all affect the erosion
that occurs from a wind storm. Much of the soil that
erodes from a field bounces or creeps along near the
surface; however, some of the soil blown from a field
may be high above the ground in a dust cloud by the
time it reaches the edge of a field (Chepil 1963).

502.21 Development of wind erosion
prediction technology

Drought and wind erosion during the 19th century
caused wind erosion to be recognized as an important
geologic phenomenon. By the late 1930s, systematic
and scientific research into wind erosion was being
pioneered in California, South Dakota, Texas, and in
Canada and England. This research produced informa-
tion on the mechanics of soil transport by wind, the
influence of cultural treatment on rates of movement,
and the influence of windbreaks on wind flow pat-
terns. The publication, The Physics of Blown Sand and
Desert Dunes (Bagnold 1941), is considered a classic
by wind erosion researchers.

In 1947, USDA began the Wind Erosion Research
Program at Manhattan, Kansas, in cooperation with

Kansas State University. That program was started
under the leadership of Austin W. Zingg, who was
soon joined by W.S. Chepil, a pioneer in wind erosion
research in Canada. The research project’s primary
purposes were to study the mechanics of wind ero-
sion, delineate major influences on that erosion, and
devise and develop methods to control it.

By 1954, Chepil and his coworkers began to publish
results of their research in the form of wind erosion
prediction equations (Chepil 1954; Chepil 1957; Chepil
et al. 1955; Woodruff and Chepil 1956).

In 1959, Chepil released an equation:

E = IRK/BWD

2
=
2
e
3

= quantity of erosion
= soil cloddiness

= residue

= roughness

soil abradability

= wind barrier

= width of field

= wind direction

Ugswx=—~ =™
1l

Wind velocity at geographic locations was not ad-
dressed in this equation (Chepil 1959).

In 1962, Chepil’s group released the equation:

E = [(ACKLYV)

E = estimated average annual soil loss in tons
per acre per year

f = indicates relationships that are not straight-
line mathematical calculations

A = percentage of soil fractions greater than
0.84 millimeter;

K = soil surface roughness factor

C = climatic factor

L = the unsheltered distance

V = the vegetative cover factor

(190-V-NAM, 4th Ed, February 2011) 502-5



Part 502 Wind Erosion

National
Agronomy
Manual

A C-factor map for the western half of the United
States was also published in 1962 (Chepil et al. 1962).

In 1963, the form of WEQ was released as
E =f(IKCLV) (Chepil 1963).

where:

E = estimated average annual soil loss in tons
per acre per year

f = indicates relationships that are not straight-
line mathematical calculations

= soil erodibility index

= soil surface roughness factor
climatic factor

= the unsheltered distance

<ccaox"-
[

= the vegetative cover factor

The Wind Erosion Prediction System (WEPS) is a
process-based, daily time-step model that simulates
weather, field conditions, and erosion. The WEPS
project was initiated in 1985 to overcome the shortfalls
of WEQ. Leon Lyles, ARS, Manhattan, Kansas began
the WEPS project, and Larry J. Hagen, ARS, lead the
project from 1988 to 1994. Ed L. Skidmore, ARS, com-
pleted WEPS and made an official hand-off to NRCS in
2005.

WEPS uses climate generators for Cligen and Windgen
to simulate 30 year records for wind, temperature and
precipitation. A highly modified version of the Erosion
Productivity Impact Calculator (EPIC) model is used
to grow crops in the model. Soil information comes
from the NRCS Soil Survey Geographic (SSURGO) Da-
tabases. User inputs are needed for the region (field)
shape, size, and orientation; location is added from
drop-downs; and management is added using a man-
agement editor. WEPS uses a Java-based interface to
drive seven sub-models (hydrology, management, soil,
crop, decomposition, erosion, and weather).

In 2010 WEQ was replaced by the WEPS for use by
NRCS. See part 502D for the description and use of
WEPS.

502.22 Data to support the previous
WEQ for program purposes

Since 1963 the WEQ technology has been used by
NRCS to assist farmer assess, plan, and implement
wind erosion control systems on their farms. WEQ
has also been used to determine Highly Erodible Land
(HEL) land based on wind erosion and plan conserva-
tion systems to keep producers in HEL compliance.
NRCS at the national, state, and field office levels

will need to archive the procedures and WEQ data to
continue to support the HEL determinations for wind
erosion and to support current producer HEL plans
based on the WEQ technology.

Data to support WEQ shall be archived when WEPS is
implemented in the Field Office in 2010. The Climate
(C) factors and soil erodibility (I) factors will be used
to make Highly Erodible land determinations when
land is sod busted or put into crop production.

Any existing localized values that were in use at the
time WEPS was introduced shall be maintain and
marked as archived.

502.23 Wind Erosion Prediction System

Wind Erosion Prediction System (WEPS) is the current
technology used by NRCS to assess, plan, and imple-
ment wind erosion control systems on cropland and
on other land (disturbed areas) where the inputs and
data can be adequately defined. WEPS currently is not
adapted to rangeland and woodland type land uses.

The WEPS is a process-based, daily time-step, wind
erosion simulation model. It represents the latest in
wind erosion prediction technology and is designed
to provide wind erosion soil loss estimates from culti-
vated, agricultural fields.

The NRCS version of WEPS consists of the computer
implementation of the WEPS science model with a
graphical user interface designed to provide easy

to use methods of entering inputs to the model and
obtaining output reports. WEPS was developed by the
Wind Erosion Research Unit (WERU) of the United
States Department of Agriculture, Agricultural Re-
search Service in Manhattan, KS. WEPS greatly ex-
pands the type of information about the soil loss.
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WEPS uses many of the parameters that WEQ uses.
Unsheltered distance (L) is now the Region with the
shape, length, width, area, and orientation described.
Random Roughness is calculated daily and has a simi-
lar influence as it did in WEQ. Oriented Roughness or
ridge roughness is applied with each tillage operation
and is degraded over time. Standing and flat residue
is accounted for in several age pools. Green growing
crops accumulate mass on a daily basis. Erodible Frac-
tions related to the I factor for WEQ are calculated

on a daily basis and displayed in the detailed report
section of WEPS.

502.24 Using WEPS estimates with
RUSLE2 calculations

The WEPS provides an estimate of average annual wind
erosion and saltation, creep, and suspension erosion
from all four sides of a field. RUSLE2 provide an esti-
mate of average annual sheet and rill erosion from the
slope length (L) entered into the model. Although both
wind and water erosion estimates are in tons per acre
per year, they are not additive unless the two equations
represent identical flow paths across identical areas.

Subpart 502D Using WEPS

502.30 Using WEPS

WEPS has a very good user’s manual located on the
Web at: http://www.weru.ksu.edu/weps/download/
WEPSUsersManualDecO7.pdf Most of the information
needed to run WEPS is contained in the manual. It will
be updated periodically so users will need to check for
the latest version. The following information is in addi-
tion to the material in the user’s manual.

On the same Web site mentioned above there are train-
ing exercises. These exercises are designed to teach
the use of the WEPS model on many of the common
farming systems. New users should take the time to
run these to become familiar with the model.

National crop management zone (CMZ) management
files are stored on the same Web site. These can be
downloaded and placed in the C:\Documents and
Settings\All Users\Application Data\USDA\WEPS\Data-
bases\nrcs\man subdirectory. They will then show up
on the pull-down list inside WEPS.

Small changes in the management system can have
significant changes in the soil loss output. It is recom-
mended that until a user knows how the model works
that they not assume that a change will not change
the erosion rate. Make the run before a conclusion is
made. With WEPS, areas around the Great Lakes and
the Coastal Plains in the east may now predict some
wind erosion where the WEQ did not predict erosion.

(a) Selection the location to run WEPS

Background—WEPS has a box, Location, in the right
upper part of the main interface to identify where the
model will run (fig. 502-2).

States with predetermined polygon maps (HI, AK, WA,
OR, CA, AZ, NV, ID, UT, WY, parts of MT, parts of CO,
parts of NM, and parts of TX) will use the Map Viewer
button to select the approximate location to run the
model. These states have developed Windgen and
Cligen maps to designate the appropriate climate data
station to be used in the map locations.
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The remaining states will use the Cligen station closes
to the latitude and longitude (decimal degrees) lo-
cation and the Windgen station will be a weighted
average of the three closest stations. WEPS uses this
approach for Windgen because the climate stations
are far apart, have sometimes very different data,
fewer mountain ranges, and sharp changes in soil loss
if a single station were used. This method produces

a more gradual change moving from one station to
another.

Selection process—To deal with this, within NRCS,
States have the option and requirement to use the
model in one of two ways.

e Option 1: NRCS Mode (with county centroids).
This will give the user the option to select the
county. The latitude and longitude boxes will
only be changed by selecting the county. The
map viewer will not be used to select the loca-
tion of the Windgen file.

e Option 2: NRCS Mode (with sub-county zones).
This mode allows the user to select the location
by using the map viewer and double clicking
to change the location to any location within a
county. This will select a sub-county polygon
with a predetermined Windgen station loca-
tion for that zone. The State will need to do a
great deal of testing to be sure the variability

of the WEPS runs are within reasonable limits
when moving from zone to zone within a given
county. A GIS shape map will need to be devel-
oped for the State and counties. The state wind
erosion specialist and GIS specialist should
work together to make the needed shape file.
The NTSCs will help if the states chooses this
option.

Note that the western States (listed) with Wind-
gen and the Cligen maps will use the Option 2
and select the location on the map viewer. The
preselected station for each location will be
used. The weight averaging will not be used in
those States.

Those States using option 2 should set one location

in the center of a group of fields. It is recommended
that fields beyond 5 miles of the center be given a new
latitude and longitude location. The distance from the
center should be set by state policy.

(b) Generic soils list

Background—There is about 5 percent of the land in
the United State without a soil survey. Some of the
land is cropland with a wind erosion potential. There
also is a need to provide a way to run WEPS on dis-
turbed lands. A set of generic soils has been developed
for use with WEPS.

FiGure 502-2 SCREEN SHOT OF LOCATION BOX IN WEPS PROGRAM

.|

Location
State: | TExAS v
County: | DAWSON A
Latitude: 3268 N +—l o |
Longitude: 101,76V +— 5
Elevation: 2953 [l
Cligern:
LAMESA 12.4 mi
Windgen:
Interpolated (32.74% N, 101 .95 W) <

View Map

502-8

This shows the location of the actual run, selected
from the map viewer or by direct entry

This shows the location of the where the Windgen file is build
using the weight averaging three of the closest stations for
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Method—The first set of 12 soils was selected from the
centroid points of the standard USDA textural triangle.
The centroid set the sand, silt, and clay percentages
for the files. Bulk density was set using, BD = (1 — pore
space) x 2.65. In the equation, percent pore space has
to be expressed as a decimal. Eight important ad-
ditional subclasses of sandy soil were added to the
major group of 12 to make a total of 20 generic soils.

The fine sand, very coarse sand, coarse sand, medium
sand, fine sand, and very fine sand were added to each
of the soils as five-way split to start with. Then the
sand values were hand adjusted to fit the rules in the

National Soil Survey Handbook. Classification was
checked using http:/soils.usda.gov/technical/aids/
1nwestigations/texture/ to see if they fit the textural
classifications rules.

Soil depth was set to 1,500 mm or 60 inches and a 1
percent slope is assumed. Organic Matter was set to
1.5 percent as a mid range for arid and semi-arid soil
where wind erosion is most common. No surface rock
was assumed. Users can add the rock surface per-
centage on the main interface. T was set to 5 tons per
acre as a deep soil is assumed. Table 502-2 shows the
values used to make the WEPS generic (.ifc) records.

Table 502-2 Generic Soils List for WEPS
—
Sand (percent fraction of Tt sand)

Tex Tex. Name Sand |V Coarse | Med | Fine |V Silt Clay BD
abr Tt coarse fine | (%) (%) (g/cm)

(%)
SiC Silty clay 7 1 2 2 1 1 48 45 1.22
CL Clay loam 33 6 6 7 7 7 34 33 1.32
SiCL Silty clay loam 11 2 2 2 2 3 56 33 1.28
C Clay 18 3 3 4 4 4 17 65 1.21
SC Sandy clay 53 10 10 11 11 11 7 40 1.33
L Loam 41 8 8 8 8 9 41 18 1.43
SiL Silt loam 21 4 66 13 1.44
SL Sandy loam 65 11 11 11 16 16 24 11 1.55
CosSL Coarse sandy loam 63 15 30 6 6 27 10 1.55
FSL Fine sandy loam 63 5 6 31 15 27 10 1.565
SCL Sandy clay loam 63 11 11 11 15 15 27 10 1.41
VFSL Very fine sandy loam 63 2 3 3 18 37 27 10 1.55
Si Silt 7 1 2 88 5 1.48
LFS Loamy fine sand 83 7 7 7 55 7 12 5 1.67
LCosS Loamy coarse sand 83 16 16 17 17 17 12 5 1.64
FS Fine sand 93 7 7 8 60 11 4 3 1.67
LS Loamy sand 83 10 10 10 23 30 12 5 1.64
S Sand 93 20 20 20 15 18 4 3 1.67
LVFS Loamy very fine sand 83 8 60 12 5 1.64
VFS Very fine sand 93 4 22 60 4 3 1.67

Note: Sand and clay values were established using the USDA NRCS Textural Triangle. Sand textures were normalized
to match the rules listed the USDA National Soil Survey Manual. They were checked by entering the listed values on the
Web Soil Texture Calculator tool (http:/soils.usda.gov/technical/aids/investigations/texture/).
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Use of the Generic Soils—The generic soils can be use
in at least three ways.

e NRCS has not completed a soil survey in an area
where WEPS need to be run on cropland. In that
case a field visits must be made to determine
the texture of the soil(s) in the simulation area
(field). It is advised that planner must be able
to hand texture soil or take a person that can
to the field. Once the planner has determined
the critical dominant texture, a corresponding
WEPS generic soil .ifc file can be selected from
the NRCS Generic Soils subfolder.

e The soil has be removed or altered from the
original soil mapped. These are likely to be con-
struction sites; mine reclaim sites; or land-fill
sites. Sometimes there will be lab data that will
indicate the soil texture. In that case use the
texture from the lab to select the correspond-
ing WEPS file as stated.

¢ On fields that have a long history of wind ero-
sion, a planner will find that the texture of the
field is different than the soil map indicates.
This has been documented in Texas and Idaho
on fine sandy loams that are now loamy sand or
loamy fine sand. Over the years the fine mate-
rial on the surface has left the field by suspen-
sion. In these cases a planner can ask for a
soil scientist to determine a more correct soil
within the county survey or select a generic soil
after making a field texture determination.

(¢) Guidance using CMZ Templates

Crop Management Zone (CMZ) templates are available
from the ARS Website in Manhattan, Kansas (ktip://
www.weru.ksu.edu/nrcs/wepsnrcs.hitml). Click on

the download button on the left side of the screen and
navigate to the /WEPS database files/WEPS_Manage-
ment_templates (CMZ files). In that directory any of
the 75 CMZs can be downloaded and placed in the C:\
Documents and Settings\All Users\Application Data\
USDA\WEPS\Databases\nrcs\man folder of the com-
puter. Do not unzip the folders.

The user must be careful using the management files
from the CMZ folders. Some of the files that were
converted from RUSLE2 have 2 years listed when they
are a 1 year crop. In some cases the 0 year and year 1
were converted as 2 years in WEPS. Fall tillage was

converted as a different year. All files must be opened
and the operations and years checked for correctness
of the dates.

Irrigation must be added by the user. There are no
national management files with irrigation operation in-
cluded. The user must open the management and add
the appropriated irrigation operation to the file.

Once a CMZ file is corrected and the calibrated to a
location it is highly recommended that a local record of
the file be stored in the C:\Documents and Settings\All
Users\Application Data\USDA\WEPS\Databases\nrcs\
man\local subdirectory. This will reduce the time need-
ed to recalibrate the next time the management is used.

(d) Soils with rock on the surface

WEPS estimates the surface rock from the soils data.
Percent vertical surface rock in the first layer is con-
verted to horizontal surface rock expressed as a per-
centage. Figure 502-3 has the Soil DB Value shown.
The 0.02 indicates that the soils record has 2 percent
rock on the surface.

Surface rock reduces the soil loss from wind greatly.

It is critical for the user to evaluate whether there is
surface rock present or not. The model will use the
default (the soil survey data) unless the user clicks the
pull down and changes it to override rock fragments.

Figure 502-3 Rock fragments pull-down and the 2% Soil

I DB Value for rock
Simulation
Run Mode |
Water Erosion |0.00 | tniac

Region Slope  rpoMSOILDB |~
SollDEValue 0.0 it

Rock Fragments |rpom SOIL DB -
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(e) Muck soils

Histosols (muck or high organic soils) require special
treatment when used in WEPS. WEPS 1.1.16 does not
estimate Muck soils correctly. About 25 percent of the
Histosols mapped by NRCS in the United States have
the needed soil data WEPS. Much of the texture data
in those records is populated with conceptual or esti-
mated data not well-suited for use in WEPS. Wind ero-
sion can be a serious problem on these high organic
sites in Minnesota, Wisconsin, Michigan, North Caro-
lina, and Florida. Representatives made up of ARS,
NRCS, and university personal in 2008 met to review
and discuss alternatives that might better reflect wind
erosion on organic soils.

Short term

WEQ used an I factor of 134 tons per acre for Sapric
Histosols. A group of I 134 mineral soils with a textural
range of LFS, VFSL, LS, LCOS were evaluated to find
the range of soil loss. A soil with the average soil loss
of the group was selected to establish the sand, silt,
and clay fractions to use in the generic organic soil file.
By selecting the mid range soil texture WEPS would
simulate a similar soil used in WEQ. The additional
data needed for the organic soil file record comes from
NRCS National Soils Lab in Lincoln, Nebraska.

WEPS has coding to assist users to select the generic
organic soil file when Histosol is in the order name of
the record. Any soil that has predominately Sapric or-
ganic material in the tillage layer is required to use the
organic soils file in WEPS. Users should check to be
sure that all “muck” soils are using the generic organic
soil file listed in the NRCS Generic Soils list in WEPS.

WEPS is coded to use the first mineral layer on soils
that have smaller amounts of organic material. Soils
that have a thin organic surface layer such as Histic or
Histic integrated will use the first mineral layer in the
calculation. If the organic layer depth is greater than

4 inches, the model should use the organic soils file
listed in WEPS. User should check to be sure the cor-
rect soil file is loaded.

Long term

ARS in Lubbock, Texas, and Manhattan, Kansas, have
initiated efforts to better characterize wind erosion
on organic soils. Plans include taking actual mea-
surements in the field with a portable wind tunnel in
Florida and Michigan. There is a plan to study soil

from Florida and Michigan in the soils lab at ARS Man-
hattan, Kansas. It is anticipated that in 3 to 5 years, an
improved method of estimating soil loss on organic
soil will be available.
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503.00 Definition

A crop rotation is a sequence of different crops grown
in a recurrent sequence over a given number of years.
In some rotations a crop may occupy the land two
years in succession. Crop rotations can vary in one or
more of the following ways (Beck 1990):

e plant family—grass vs. broadleaf
e life cycle—annual vs. biennial vs. perennial

e season of growth—winter annual vs. spring/
summer annual

¢ rooting depth—shallow vs. moderate vs. deep
¢ residue production-light vs. heavy
® residue type—fragile vs. non-fragile

e water use efficiency—high vs. low

To realize the greatest benefits, a crop rotation should
not have the same annual crop grown 2 years in suc-
cession and should alternate plant families. This
minimizes the potential for build-up and carryover of
insect and disease populations, and maintains some
degree of diversity in the cropping system.

503.01 Benefits of crop rotations

Properly designed crop rotations provide many ben-
efits, and give producers more management options
for their cropping systems. Conservation planners,
when working with producers to develop a conserva-
tion management system, should emphasize the impor-
tance of maintaining the planned sequence of crops in
the rotation. The benefits that accrue from the rota-
tion, such as erosion reduction and pest management,
depend on the crops being grown in the designated
order. Crop rotations can help address the following
resource concerns:

e Pest management—Rotations can reduce the
incidence and severity of weeds, insects, and
diseases in a cropping system. When a different
crop is grown each year, a different host crop is

present that is usually not compatible with pest
problems that may have carried over from the
previous year. Because of this, the levels of any
given pest are kept at levels that make them
easier to manage. A crop rotation allows the
use of different management strategies for pest
problems. Herbicides and insecticides with
differing modes of action can be used, reducing
the possibility that some species will become
resistant to chemical control. Different crops
each year may allow tillage to be used to con-
trol pests, further reducing the need for chemi-
cal controls (Sprague and Triplett 1986).

e FErosion control—Cropping systems that con-

sist of continuous row crops and excessive
tillage have a higher potential for wind or water
erosion than rotations that include closely-
spaced row crops or perennial crops. Different
crops have different growth and development
periods so that one crop may provide protec-
tion from erosive forces during a period of the
year that another may not. Closely-spaced row
crops, such as small grains or narrow-row soy-
beans, or perennial crops provide more canopy
and surface cover than wide-row crops and
reduce the potential for erosion.

Surface residue—Surface residue is one of

the most effective erosion reduction measures
available. High residue-producing crops follow-
ing low residue-producing crops help maintain
higher levels of crop residue on the soil sur-
face. Residue management practices, such as
mulch tillage or no-till, can help maximize the
amount of crop residue on the soil surface dur-
ing critical erosion periods.

Soil quality—Cropping sequences that include
hay or pasture crops produce greater soil ag-
gregate stability than systems that have contin-
uous grain crops. In systems that have all grain
crops, greater aggregate stability occurs with
crops that produce higher amounts of residue.
For example, rotations that alternate sorghum
with soybeans result in greater organic carbon
levels in the soil than with continuous soybeans
(Unger 1994).

e Nutrient management—Crop rotations that

have forage legumes or legume cover crops
preceding grain crops can reduce the need
for nitrogen (N) fertilizer for the grain crop.
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Average corn yields of 160 bushels per acre
have been obtained with corn following alfalfa
(Triplett et al. 1979). Leguminous cover crops
can provide an estimated 60 to 70 pounds of

N per acre (Hargrove 1986). Small grain crops
following legumes can scavenge the nitrogen
fixed by the legume, reducing the potential for
N losses by leaching.

o Water management—Dryland cropping sys-
tems can take advantage of stored soil moisture
by alternating shallow and deep-rooted crops.
For example, many areas in the Great Plains
alternate winter wheat, a shallow-rooted crop,
with safflower, a deep-rooted crop.

e [Livestock feed production—For livestock
operations, crop rotations that include hay and
pasture can provide a major portion, and in
some cases, all of the livestock forage and feed.
Additional information on planning crop rota-
tions for livestock operations is in the National
Range and Pasture Handbook, chapter 5, sec-
tion 2.

Subpart 503B Tillage systems

503.10 Introduction

The tillage system is an integral part of the cropping
management system for a farm. The type, number,
and timing of tillage operations have a profound ef-
fect on soil, water and air quality. Tillage systems vary
widely depending on the crops, climate, and soils. The
impacts of tillage on crop residue vary greatly depend-
ing on implements used, implement adjustments and
the number of tillage trips. NRCS planners should be
familiar with the tillage systems in their area, and how
the application of these systems affects the resources.

503.11 Conservation tillage

Conservation tillage as defined by the Conservation
Technology Information Center is any tillage and
planting system with 30 percent or more residue cover
remaining on the soil surface after planting to reduce
soil erosion by water. Where soil erosion by wind is
the primary concern, at least 1,000 pounds per acre of
flat small grain residue equivalent are left on the soil
surface during the critical wind erosion period.

(a) Residue management practices

Residue management practices that typically meet the
conservation tillage definition include:

e No-till, divect seed, and strip-till—No-till,
direct seed, and strip till systems manage the
amount, orientation, and distribution of crop
and other plant residues on the soil surface
year-round, while growing crops in narrow
slots, or tilled or residue-free strips in soil pre-
viously untilled by full-width inversion imple-
ments. The soil is left undisturbed from harvest
to planting except for nutrient injection. Seeds
are placed in a narrow seedbed or slot made
by coulter(s), row cleaners, disk openers, in-
row chisels, or rototillers where no more than
one third of the row width is disturbed. Weeds
are controlled primarily with herbicides. Row
cultivation for emergency weed control should

503-2 (190-V-NAM, 4th Ed, February 2011)



Part 503 Crop Production

National
Agronomy
Manual

utilize undercutting implements that minimize
residue burial.

® Ridge-till—Managing the amount, orienta-
tion, and distribution of crop and other plant
residues on the soil surface year-round, while
growing crops on pre-formed ridges alternated
with furrows protected by crop residue. The
soil is left undisturbed from harvest to planting
except for nutrient injection. Planting is done
in a seedbed prepared on ridges with sweeps,
disk openers, coulters, or row cleaners. Resi-
due is left on the surface between ridges. Weed
control is done with herbicides or cultivation or
both. Ridges are rebuilt during row cultivation.

® Mulch-till—Managing the amount, orientation,
and distribution of crop and other plant residue
on the soil surface year-round, while growing
crops where the entire field surface is tilled
prior to planting. Tillage tools such as chisels,
field cultivators, disks, sweeps, or blades are
used. Weed control is done with herbicides or
cultivation, or both.

(b) Crop residue management

Despite considerable acceptance of these defini-
tions there is still some confusion as to the meaning
of conservation tillage. Crop residue management is
defined as: Any tillage and planting system that uses
no-till; ridge-till, mulch-till, or other systems designed
to retain all or a portion of the previous crop’s residue
on the soil surface. The amount required depends on
other conservation practices applied to the field and
the farmer’s objectives.

Tillage systems, whether a conservation tillage system
or some other system that retains little, if any, residue
is an important part of a crop production system. Crop
response to various tillage systems is variable and the
variability if often difficult to explain because so many
aspects of crop production are influenced by tillage.

In addition, weather variability is an additional factor
which influences crop production from one year to the
next. Items to consider in designing a conservation till-
age system include the following:

e Soil temperature—Crop residue insulates the
soil surface from the sun’s energy. This may
be a plus at planting time or may delay plant-
ing and/or lead to poorer germination. If this
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is a concern, the use of planter attachments to
remove residue from the row area will improve
the situation. Later in the growing season

crop residue on the soil surface may lower the
soil temperature, resulting in increased crop
growth and yield.

e Allelopathy—This refers to toxic effects on
a crop because of decaying residue from the
same crop or closely related crop. Crop rota-
tion can eliminate this problem. The use of
planter attachments to remove the residue
from the row area may reduce the problem.
Allelopathic effects can also be beneficial by
reducing competition from some weeds.

e Moisture—When crop residue is on the soil
surface, evaporation is reduced and water
infiltration is increased. Although this may be
a disadvantage at planting time in some areas,
the extra soil moisture may increase yields if a
dry period is encountered later in the growing
season. No-till systems often have more water
than conventional systems available for tran-
spiration later in the growing season, resulting
in increased yields.

e Organic matter—Soil organic matter tends to
stabilize at a certain level for a specific tillage
and cropping system. Each tillage pass aerates
the soil, resulting in the oxidation of decaying
residues and organic matter. Crop residue left
on the soil surface in no-till or ridge-till systems
decomposes slower, resulting in increased
organic matter levels in the upper few inches.

e Soil density—All tillage systems have some
effect on soil density. Systems that disturb
the plow layer by inversion tillage or mixing
and stirring temporarily decrease soil density.
However, after the soil is loosened by tillage,
the density gradually increases due to wetting
and drying, wheel traffic, and secondary tillage
operations. By harvest the soil density has re-
turned to almost the same density as before till-
age operations started. Cropping management
systems that use several tillage operations can
create a compacted layer at the bottom of the
plow layer. If the compaction is excessive,
then drainage is impeded, plant root growth is
restricted, there is reduced soil aeration, herbi-
cide injury may increase, and nutrient uptake
may be restricted.
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No-till systems have a higher soil density at
planting time than other systems because the
plow layer is not disturbed to form a seedbed.
This higher density seldom has any effect on
germination, emergence, and subsequent crop
growth. Many times the crop will benefit from
this because these soils retain more available
moisture.

Stand establishment—Regardless of tillage sys-
tem uniform planting depth, good seed to soil
contact, and proper seed coverage is needed

to obtain a good stand. Coulter and/or row
cleaners may be needed to ensure a good stand
in a no-till system. In addition, extra weight

and heavy-duty down-pressure springs may be
needed for the planter or drill to penetrate un-
disturbed soil, especially under less than ideal
moisture conditions.

Fertilizer placement—Starter fertilizer (ni-
trogen and phosphorus) is generally recom-
mended to help overcome the effects of lower
soil temperatures at planting time. If fertility
levels (P, K, and pH) are at maintenance lev-
els before switching to a conservation tillage
system, fertility should not be a problem. In a
no-till system surface application of phospho-
rus and lime will result in stratification of these
nutrients, but this has not shown to affect crop
yield. It is generally recommended that nitro-
gen be knifed into the soil in a no-till system, or
a nitrogen stabilizer be used. Surface-applied
nitrogen may volatilize and be lost if a rain
does not move the nitrogen into the soil profile
shortly after application.

Weed control—Controlling weeds is essential
for profitable production systems. With less
tillage, herbicides and crop rotations become
more important in obtaining adequate weed
control. Weed identification, herbicide selec-
tion, application rate, and timing are important.
A burn-down may be needed in no-till and
ridge-till systems. A change in weed species
can be expected in no-till and ridge-till systems.
Perennials may become more evident but usu-
ally can be controlled with good management.
The combination of post-applied herbicides and
bioengineered crops has made weed control
much easier, even in a no-till system.

Insect management—Regardless of tillage
system, effective insect management guide-
lines, and tactics are available. Different tillage
systems may affect potential insect pressure,
but management addresses this.

Disease control—Residue on the soil surface
offers the potential for increased disease prob-
lems. However, there are numerous strategies
to overcome this problem. Crop rotation or the
selection of disease-resistant hybrids may nul-
lify this potential problem.

Crop yields—Weather has more affect on crop
yields than does the tillage system used. Crop
yields generally are better when a crop rotation
is utilized, especially in no-till system.

Production costs—All of the related costs as-
sociated with various tillage systems must be
analyzed to evaluate the profitability.

Machinery and labor costs—Total cost for
machinery and labor per acre usually decrease
as the amount of tillage is reduced. If the size
of the power units can be decreased (no-till
system) then the savings can be even more
dramatic. No-till equipment (planters, drills, nu-
trient injection equipment) may be more expen-
sive than that needed for conventional equip-
ment; however, less equipment is required.
No-till producers have been able to farm more
acres than conventional tillage producers with-
out additional labor because of the increased
efficiency.
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Subpart 503C Nutrient
management

503.20 General

Nutrient management is defined as managing the rate,
timing, form, and method of nutrient application to en-
sure adequate soil fertility for plant production and to
minimize the potential for environmental degradation,
particularly air, soil, and water quality impairment. Nu-
trient management is the implementation of manage-
ment techniques that permit efficient crop production
while protecting natural resource quality. Nutrients are
considered any element or compound that are essen-
tial for plant growth, particularly the elements nitro-
gen (N), phosphorus (P), and potassium (K). Nutrient
sources can be any material, such as fertilizers, animal
manures, biosolids, and irrigation water that contain
essential plant nutrients.

Natural Resources Conservation Service’s role
in nutrient management

United States Department of Agriculture (USDA) Natu-
ral Resources Conservation Service’s (NRCS) role in
nutrient management includes the following activities:

e evaluating environmental risk associated with
nutrient recommendations for plant production

* developing appropriate mitigation alternatives
to minimize environmental risks related to the
management of nutrients

e assisting clients to develop and implement an
integrated nutrient management component of
their overall conservation plan

The NRCS does not develop individual field recom-
mendations for application of nutrients, but relies on
the State land-grant university to make nutrient recom-
mendations for the rate of nutrients to be applied to
individual fields. Neither does the NRCS dictate any
material testing (soil, plant, manures, fertilizers, or
water) procedures other than what is acceptable to the
land-grant university.

Nutrient management plans

Nutrient management plans are documents of record
of how nutrients will be managed for plant production.
These plans are prepared in collaboration with the
producer and/or landowner and are designed to help
the producer with implementation and maintenance
activities associated with the plan. Plans are devel-
oped in compliance with all applicable Federal, Tribal,
State, and local regulations. Nutrient management
plans may stand alone or be an element of a more
comprehensive conservation plan such as a Compre-
hensive Nutrient Management Plan (CNMP). Nutri-
ent management plans are developed in accordance
with technical requirements of the NRCS Field Office
Technical Guide (FOTG) and policy requirements of
the General Manual, Title 190, Part 402, Nutrient Man-
agement; General Manual, Title 190, Part 405, Com-
prehensive Nutrient Management Plans; and guidance
found in this document (NAM Subpart 503C). A nutri-
ent management specialist is a person who provides
technical assistance for nutrient management and has
the appropriate certification.

Nutrient management plans will contain the
following components:

e aerial site photograph(s) or site map(s), and a
soil survey map of the site

® Jocation of designated sensitive areas or re-
sources and the associated nutrient manage-
ment restriction

e current and/or planned plant production se-
quence or crop rotation

e results of soil, plant, water, manure and/or
organic by-product sample analyses

e results of plant tissue analyses, when used for
nutrient management

e realistic yield goals for the crops complete nu-
trient budget for N, P, and K for the crop rota-
tion or sequence

¢ listing and quantification of all nutrient sources

¢ field specific nutrient application rates, timing,
form, and method of application and incorpora-
tion

e guidance for implementation, operation, main-
tenance, and recordkeeping
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A CNMP is a conservation plan that is unique to animal
feeding operations. A CNMP is a grouping of conser-
vation practices and management activities which,
when combined into a resource management system,
will help to ensure that both production and natural
resource conservation goals are achieved. It incorpo-
rates practices to fully use animal manure and other
organic by-products (any organic material applied to
the land as a nutrient source) as a beneficial resource.
A CNMP is designed to address identified site-specific
natural resource concerns CNMPs shall be planned

in accordance with the procedures identified in the
USDA NRCS, General Manual, Title 190, Part 405 and
technical criteria contained in the Field Office Techni-
cal Guide (FOTG) and State-developed guidance will
also serve as essential references for development of a
CNMP. CNMPs are developed by certified CNMP plan-
ners and specialists.

503.21 Nutrients in the agricultural
production systems

Agricultural sources of water pollution

Despite the enormous progress that has been achieved
in reducing water pollution, almost 40 percent of
United States waters that have been assessed have not
met water quality standards (Zygmunt, 2000). Accord-
ing to the State water quality agency data submitted

to the United States Environmental Protection Agency
(U.S. EPA), about 15,000 water bodies are impaired
from siltation, nutrients, bacteria and other pathogens,
oxygen-depleting constituents, trace elements, pes-
ticides, and other organic chemicals. Many of these
pollutants do not come from a single point such as a
sewage outfall or an industrial discharge pipe and are
thus termed nonpoint source pollution.

Nutrients, particularly N and P, are the major pollut-
ants in lakes and estuaries and the second leading
source of pollution in rivers (U.S. EPA 1998). Life
within rivers, streams, lakes, and bays could not exist
without nutrients; however, an excess of nutrients
(eutrophication) may cause ecological problems and
can harm aquatic life.

Effect of agricultural nonpoint source pollu-
tion on water quality

Excess nitrogen and phosphorous can cause exces-
sive growth of algae, a type of phytoplankton, whose
eventual death and decomposition reduces the dis-
solved oxygen (DO) concentration in the water. Low
DO reduces respiration, growth, and reproduction of
aquatic organisms and can result in the death of fish
and other aquatic organisms.

Another adverse effect associated with excessive
nutrient concentrations is the appearance of the toxic
microorganism Pfiesteria in 1997, which caused both
death of fish and adverse health effects in commercial
and recreational fishermen. Foul tastes and odors
often occur in drinking water populated by excessive
algal blooms in surface water.

Excessive phytoplankton growth also reduces water
clarity, which reduces light transmission available for
the growth of submerged aquatic vegetation (SAV).
Submerged aquatic vegetation serves as an important
habitat for fish, crabs, and other species of economic
and environmental importance.

Phosphorus is generally the limiting nutrient for phy-
toplankton growth in the saltwater during all seasons
except summer. During the summer, however, nitro-
gen is the limiting nutrient. Since most phytoplankton
growth occurs during the summer months, nitrogen
control strategies become important.

Agricultural impacts, such as sedimentation, eutro-
phication, and general water quality degradation, due
to presence of inorganic or organic constituents and
pathogens in the water and sediments also occur.
Phosphorus is usually the limiting nutrient freshwater
bodies. Other agricultural impacts may include con-
tamination of groundwater, which is a source of drink-
ing water for many rural communities, resulting from
migration of pesticides, nitrates, and pathogens.

Eutrophication standards vary among major types of
water bodies such as rivers, lakes, reservoirs, estuar-
ies, and coastal systems. For example, critical concen-
trations of dissolved P recommended or established
for lakes (0.01-0.05 mg/L) and streams (0.10 mg/L) can
differ by an order of magnitude (Sharpley et al. 1996).
Critical concentrations have been suggested
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for total N (2.2 mg/L) and P (0.15 mg/L) in rivers, but
these values are well above the average total dissolved
nutrient concentrations expected for unpolluted major
rivers (~0.375 mg N/L and ~0.025 mg P/L), respectively
(Meybeck 1982). The nitrate nitrogen groundwater
standard of 10 mg/L established to protect human
health has been demonstrated to be too low; however,
such a concentration may be too high as an ecological
standard (LHirondel 2005).

Fate and transport of nutrients

Nitrogen

Nitrogen, an essential element for plant growth and
animal nutrition, is the nutrient taken up in the largest
amount by crops. Nitrate (NO;") is the major inorganic
form of nitrogen in most soils. This anion is not at-
tracted by the predominately negatively charged soil
colloids and is, therefore, quite mobile and moves
freely with soil water. Nitrogen application to soils be-
yond that required for plant uptake and maintenance
of the soil microbial biomass will generally result in
NO;™ leaching and possible high NO,~ levels in ground-
water. Elevated concentrations of NO5™ in drinking
water may lead to methemoglobinemia in infants, the
formation of carcinogenic nitrosamines in the human
stomach, and hypertension. A national survey of drink-
ing water wells (U.S. EPA 1990) found that NO,~ was
the most common contaminant, with 52 percent of the
94,600 community water systems tested containing de-
tectable concentrations and 1.2 percent of those water

sources exceeding the drinking water standard of 10
mg NO,;™N per liter (10 ppm). Localized contamination
has been measured beneath cropped, well-drained
soils that received excessive applications of manure
and commercial fertilizer (Spalding and Exner 1993).

While leaching losses are generally considered the ma-
jor environmental threat from N, runoff losses are also
possible. The potential of each system to contribute
nitrogen to surface waters will depend upon its trans-
port (i.e., erosion and runoff) capability and the sur-
face soil nitrogen concentration (fig. 503-1). Nitrogen
is lost to surface water as NO;~ from recently applied
inorganic fertilizers or in particulate organically-bound
forms. Movement of excessive amounts of nitrogen

to surface waters can result in a number of undesir-
able effects, such as eutrophication, associated algal
blooms, and subsequent oxygen depletion.

Managing nitrogen to minimize NO,~ losses is diffi-
cult because of the many possible loss pathways. For
example, increased water infiltration may increase
leaching of nitrate if practices to reduce runoff and
erosion, such as no-till, are adopted (fig. 503-2).
Similarly, incorporating manure to reduce nitrogen
volatilization losses increases the risk of nitrogen loss
through runoff, erosion, and leaching. Consequently,
one of the primary emphases of nutrient management
is minimizing the potential source of nitrogen in the
system because any excess nitrogen will likely be lost
to the environment in some manner.

Figure 503-1
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Phosphorus

Phosphorus is another element required by plants
and animals whose accumulation in water bodies
may result in nutrient pollution. Increased public and
regulatory concern over the use and application of
phosphorous to agricultural lands is due to the eutro-
phication that can result from increased phosphorous
loadings to surface waters (Daniel et al. 1998). Algal
and aquatic weed growth in most inland surface water
systems is P-limited, and elevated P levels result in
algal blooms, oxygen depletion, and occasional prob-
lems with drinking water taste and odor.

Phosphorus is referred to as immobile in soil because
it is strongly adsorbed by and/or precipitated as highly
insoluble soil mineral phases. However, when a soil
becomes saturated with P, desorption of soluble P

can be accelerated, with a consequent increase in
dissolved inorganic P in runoff. Thus, if the level of
residual soil P is allowed to build up by repeated appli-
cations of P in excess of crop needs, a soil can become
saturated with P and a potential for soluble P losses in
surface runoff will increase significantly.

Much of the P that is applied to soils in fertilizer,
manure, and biosolids is retained in the near-surface
layer in various inorganic precipitates and in adsorbed
forms that prevent it from leaching.

The risk of groundwater contamination by P in well-
managed crop production systems is usually not high,
although leaching can be a significant loss pathway for
P in coarse-textured (sandy) soils with shallow water
tables. Runoff and erosion losses to surface waters are
the major water quality risks from P.

Because P is strongly adsorbed by soil solids, P runoff
from permanently vegetated areas such as perennial
sods or forests is minimal, and largely occurs as traces
of orthophosphate (PO 4‘3) ions in solution. In areas
where erosion risk increases, such as where annual
crops are grown using conventional tillage, the total P
loss increases greatly as the P is moved in solid par-
ticulate form with the eroding soil. Although water-sol-
uble P is immediately available for biological uptake,
sediment-bound or particulate P forms (bioavailable
particulate P) are released over longer periods. The
overall impact of a given production system on P run-
off to local surface waters will, therefore, be primarily
dependent upon relative rates of sediment loss and the
P levels in these eroding soil surfaces.

Nutrient loss from organic wastes

Many crop production systems receive various organic
wastes as fertilizer amendments. Organic amend-
ments, such as manure, municipal wastewater sewage
sludge (biosolids), municipal solid waste compost,
and other miscellaneous agricultural, municipal, and
industrial by-products, all have the potential to im-
prove soil properties while increasing organic matter
levels. Organic amendments are particularly effective
at improving the productivity of marginal or degraded
lands.

The major water quality concerns associated with

the land application of organic by-products are the
direct runoff or erosion of the organic material and
any mobile constituents (such as N, P, or pathogens)
into surface waters and the migration of NO; and
pathogens to groundwater. Application rates for these
materials are generally based on the estimated amount

Figure 503-2
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of plant available nitrogen in the by-product, but P can
be the limiting nutrient for application to soils whose
P adsorption capacity is becoming saturated. Phos-
phorus runoff may occur in soils that have routinely
received heavy annual applications of animal manure
because the maximum P retention capability of such
soils is being approached or exceeded.

Nutrient cycles and management on different
types of farms

Introduction: why nutrient losses are a problem
A common misconception is that farmers, in general,
are mismanaging nutrients on their farms. While there
is usually room for improved management, the nutri-
ent pollution problems from agriculture primarily
result from the way modern agriculture has evolved.

Prior to World War II, most farms included both ani-
mals and crops. Nutrient use on those farms was in-
terdependent because manure nutrients were used to
produce crops which were fed to animals that gener-
ated manure. Fertilizer nutrients became more eco-
nomical after the war, which resulted in the separation
of crop and animal agriculture. With the loss of the

on-farm relationship between feed crops and animals
came a significant increase in animal agriculture in
some areas that was supported by concentrated crop
agriculture in other areas, often far away. Currently,
nutrients from imported feed often accumulate to very
high levels on the farms where the animals are located
because of manure applications on those farms (fig.
503-3).

While farmers collectively have been making sound
economic management decisions, the unexpected
consequence of these decisions has resulted in the
increased potential for nutrient pollution in the areas
where nutrients are accumulating. Significant long-
term strategic changes in the structure of animal agri-
culture, rather than simple management changes, will
be required to develop solutions to the problems inher-
ent in this system. The following sections describe nu-
trient cycles and management on different farm types.
Understanding these cycles can increase the adoption
of strategies to enhance nutrient use efficiency and
reduce potential environmental impacts.

Figure 503-3
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Cash crop farm

Nutrients come to a modern cash crop farm in fertil-
izers and other materials applied directly to the fields
(fig. 503-4). Crops harvested from the fields remove a
fraction of the applied nutrients, which leave the farm
when the crops are sold. On a cash crop farm, there is
a direct connection between the flow of nutrients and
the agronomic or economic performance of the farm.

Traditional economic and agronomic incentives can be
effective in guiding nutrient use on cash crop farms to
optimize both crop production and environmental pro-
tection. Improper management can result in significant
nutrient losses other than those removed in crops and
negative economic consequences for the farmer. The
cost of practices that reduce nutrient losses on a cash
crop farm can at least be partially offset by decreased
costs in purchased fertilizer. The nutrient balance on a
well-managed farm is usually very close to zero (table
503-1).

Crop and livestock farm

On farms with livestock (e.g., a dairy), a large propor-
tion of the plant nutrients from crops produced as feed
for the animals are traditionally returned to the farm
fields in manure (fig. 503-5). This pattern of nutrient
use and cycling varies significantly from a modern
cash crop farm. The plant nutrients in the feed inputs
can offset the nutrients removed from the farm as sold
animal products.

Off-farm feed inputs enable crop and livestock farms
to have more animals on fewer acres. On modern crop-
livestock farms, the manure produced by the animals

is often not spread on the fields where the crops were
produced. Off-farm feed nutrients can exceed what is
needed for the crops and result in excess manure nu-
trients that can be potential sources of water contami-
nation. Accounting for all sources of plant nutrients
being applied to fields is an important management
practice for protecting the environment from negative
impacts caused by the over-application of nutrients to
crop fields.

Neither crop production nor fertilizer use is directly
connected to the output of such farms because farms
with this structure primarily sell animal products.
Farm performance depends more on the animal hus-
bandry skills of the farmer than successful crop pro-
duction. The economic viability of the farm is not as
sensitive to the decisions about plant nutrient use in
the fields as it is on the cash crop farm. The dairy farm
given as an example in table 503-2 demonstrates the
nutrient excess that can occur as imported feed be-
comes significant.

Intensive animal production farm

Trends in animal housing and the success of crop pro-
duction on cash crop farms in specialized geographic
regions have made it possible to concentrate large
numbers of animals, such as poultry and swine, on
small land areas. Most, if not all, of the feed necessary
for these animals can be economically transported to
the farm where the animals are housed (fig. 503-6).

Although intensive poultry and swine farms may pro-
duce crops for off-farm sale, the land areas involved
can be quite limited because management is focused

Figure 503-4  Nutrient cycles on cash crop farms
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Table 503-1 Example of nutrient balance (P,0;) on a
— cash-crop farm in Pennsylvania
Input P,0,/alyr
1b
Fertilizer 36
Output:
Crop removal 32
Balance +4
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on animal production. The cash crop farm and the
intensive livestock farm are connected by the flow of
feed, but nutrients typically do not cycle back to their
original locations. This will usually result in an excess
of nutrients on the farm where the animals are located
and a high potential for environmental problems there.

For example the poultry layer farm illustrated in table
503-3 has an excess of 2,350 pounds P pentoxide
(P,0;) per acre per year. The field-based economic and
agronomic incentives that can be effective in motivat-
ing farmers to manage nutrients on a cash crop farm
(and that will also minimize potential environmental
impacts) are not as critical on the intensive livestock
production-oriented farm. It is unlikely that environ-
mental quality can be protected on poultry and swine
farms solely by recycling nutrients for crop production
because of the small land area of the farm. Successful

management of nutrients to protect the environment
will depend on transportation of manure nutrients
from the farm.

Note: Animal concentration areas: The number of
animals in barnyards and holding areas can be greater
on intensive livestock farms because ruminant ani-
mals often spend part of their time out of buildings.
The result is that the areas around farmyard facilities
can become sources of nutrient losses from the farm.
Animal concentration areas are such locations where
the animals gather and deposit manure nutrients in
quantities that exceed removal in growing vegetation.
These areas often have little or no vegetation and may
be located in environmentally sensitive areas, such

as stream bottomland. These areas require special
attention in nutrient management plans and usually
require Best Management Practices (BMP) to protect
water quality.

Figure 503-5
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Nutrient cycles on a modern crop and livestock farm
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Table 503-2 Example of nutrient balance on a dairy
— farm in Pennsylvania
Inputs 1b P,O/a/yr
Fertilizer 22
Feed 60
Output:
Milk 24
Balance +58

Table 503-3 Example of nutrient balance on a poultry
— layer farm in Pennsylvania
Inputs: 1b P,O4/a/yr
Fertilizer 0
Feed 3380
Output:
Eggs 1030
Balance +2350
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Nutrient management planning

Purpose of nutrient management

Nutrient management is the implementation of practic-
es that permit efficient crop production while protect-
ing water quality from nutrient pollution. A nutrient
management plan is a site-specific plan whose recom-
mendations permit efficient nutrient use by crops and
minimize nutrient losses to the environment (primarily
water and air). Some amount of nutrient loss will oc-
cur even when the best nutrient management practices
are employed, but these losses should be lower than
would occur without nutrient management.

The nutrient management process

Nutrient management should be planned as a multi-
step, constantly evolving process. The key compo-
nents of the process are: assessment, management
option selection, planning, implementation, and re-
cordkeeping (fig. 503-7).

Nutrient management assessment I: nutrient
status and balance

A thorough assessment of the nutrient status of the
farm and the potential for environmental impacts from
nutrients should be conducted. Key criteria should
include:

e farm management goals and constraints

e available farm resources (land, equipment, and
financial resources) Karst lands (landscapes
underlain by limestone bedrock or other highly
soluble carbonate-bearing parent materials)

e potential critical problem areas on the farm
(sensitive water bodies, neighbor concerns,
existing problems such as barnyards, severe
erosion, manure storage)

e nutrient balance

Nutrient balance can be estimated from easily deter-
minable farm characteristics. Table 503-4 provides
some simple criteria that can be used to assess farm
nutrient balance. These are estimates only, and actual
nutrient balance will vary depending on specific farm
characteristics

Nutrient management assessment II: sites
which may have accelerated nutrient loss

The potential for plant nutrients (particularly nitrogen
and P) to migrate to surface water and groundwater
is largely dependent upon soil and site conditions.
Any combination of soil and site conditions that will
lead to either rapid rainfall runoff or rapid movement
of dissolved ions through the soil will lead to water
quality risks from almost any land use practice. Thus,
an important part of nutrient management planning for
agriculture is recognizing and delineating these sites
for development of specific management practices to
avoid the anticipated effects.

These soil/landscape features and properties are
particularly vulnerable to the loss of nutrients from
agricultural practices.

Figure 503-6
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Intensive animal production farm with limited crop production
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Soils with high leaching potentials

This includes soils with very coarse textures and those
where the water table is at or near the surface during
the winter.

The combination of these factors poses a high risk for
nutrient loss to groundwater and associated surface
waters. If accurate soil survey information is available,
the leaching index for a given soil can be obtained by
following the procedures outlined in the USDA NRCS
Field Office Technical Guide (available at http://www.
nrcs.usda.gov/technical/efotg/).

Such soils should not receive nutrient applications
during times of the year when nutrients are least likely
to be assimilated by crops (i.e., late fall, winter). Nutri-
ent management practices in fields containing signifi-
cant areas of these soils should include such practices
as split application of nitrogen on crops and the use of
winter cover crops to scavenge residual soil N.

Figure 503-7
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The nutrient management process
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Sinkholes are formed by the long-term dissolution of
carbonates underlying the surface, which eventually
leaves a cavity that collapses over time.

Sinkholes may form a direct connection between
surface water and groundwater, and dye tracer tests
have shown that water entering a sinkhole can con-
taminate nearby drinking wells within hours. If muddy
or cloudy water appears in a well after a significant
rain, surface water is likely entering the water bearing
zones in the rock by direct flow down channels and
rock fractures.

If a sinkhole is located in an isolated high area of a
field, a grassed buffer should be placed around it. If
the sinkhole occurs on a sideslope or below a cropped
field, significant runoff may drain into the sinkhole.
The field area draining into the sinkhole would be best
used for hay crops, pasture, or trees, in order to re-
duce runoff.

Shallow soils over fractured bedrock

Soils that are shallow (less than 41 in) to fractured
bedrock are environmentally sensitive and should be
managed like soils with a high leaching index. Al-
though many of these soils do not have high leaching
potential, once the soil water percolates to the frac-
tured rock, the water and any dissolved nutrients can
move rapidly to groundwater.

Table 503—-4 On-farm criteria that can be used to estimate nitrogen ¥ balance

—

Criteria Farm is deficient in N Farm has balanced N Farm has excess N

Feed source( percent off farm feed) On farm (<50 percent) Combination (50-80 percent)  Off-farm (>80 per-
cent)

Animal density (AU/A) Low (<1.25 AU/A) Medium (1.25-2.25 AU/A) High (>2.25 AU/A)

Pollution potential % Low Medium High

1  To estimate phosphorus balance, these numbers can be cut in half

2 AU = animal unit = 1000 Ib live weight; A = acres available for manure application

3 Assuming good management
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Lists of shallow soils in each State can be obtained
from the NRCS and by reviewing county soil survey
reports. Nutrient management practices in fields con-
taining significant areas of these soils should include
such practices as split application of nitrogen on crops
and the use of winter cover crops to scavenge residual
soil N.

Tile-drained lands

Artificially drained fields should be treated as envi-
ronmentally sensitive because of the direct connec-
tion of the tile outlets to surface watersheds. These
lands are typically drained because they have a high
seasonal water table and, therefore, have the potential
to pollute both the surface water with their drain-

age discharge and the local water table if nutrients

are over-applied relative to crop uptake. These soils
should be treated like coarse-textured soils with high
water tables. Nutrient management practices in fields
containing significant areas of tile-drained soils should
include split application of nitrogen on crops and the
use of winter cover crops to scavenge residual soil N.

Irrigated lands

Fields receiving irrigation, because of the increased
water input, are prone to runoff and leaching of water
and nutrients. The leaching index approach cannot

be used on these areas since it would underestimate
the actual leaching potential. To maximize water use
efficiency and minimize leaching and runoff, irrigation
scheduling methods should be used. These include the
use of gypsum blocks, tensiometers, or computerized
systems. When these indicators show the need for
irrigation, rates and amounts of water should be based
upon the soil type and water-holding capacity to fur-
ther reduce water and nutrient losses.

Excessively sloping lands

Lands with steep and long slopes pose a high risk for
the surface loss of applied nutrients. Slopes greater
than 12 to 15 percent are prone to runoff losses of sur-
face-applied N and P. Significant amounts of sediment
can be lost if a heavy rainfall event occurs following
tillage to move these surface-applied nutrients below
the flow of runoff. Applications of manure or biosol-
ids may be limited to P soil test needs or crop uptake
estimates, unless injection is used, if these organic by-
products are applied to such slopes. Soil conservation

measures should be practiced on highly erodible lands.

Flood plains and other lands near surface waters
Runoff and leaching from agricultural lands that are
close to surface waters can have a direct impact on
surface water quality. If channelized flow develops,
surface flow of runoff water from these areas has little
chance to be filtered before discharge into adjacent
waters. Subsurface flow in groundwater can also
directly seep into the adjacent surface water body. If
water containing NO5- flows into a wetland, however,
significant amounts of nitrogen can be denitrified and
lost to the atmosphere, with a subsequent reduction
in the nitrogen levels that reach the adjacent surface
waters.

Using manure or biosolids on flood plains is not a
recommended practice. If manure or biosolids must be
applied to a flood plain, incorporation or injection ap-
plication methods should be used to minimize losses if
flooding occurs.

The list of environmentally sensitive sites given is not
all-inclusive but does include some of the more com-
mon agricultural landscape types. Appropriate setback
or buffer areas should be established between these
areas and any field receiving nutrient applications,

and intensive nutrient management practices should
be employed on any lands adjacent to sensitive areas.
Each State has its own guidelines for these buffer
areas.

Selecting management options

After the nutrient management assessment of the
farm, appropriate management options can then be
selected for inclusion in the nutrient management
plan. Each farm will have unique qualities, resources,
and problems that must be addressed in the nutrient
management plan.

Management options that maximize nutrient use
efficiency by the crops and reduce the need to pur-
chase nutrients would be emphasized on a farm that

is nutrient deficient. On a farm with excess nutrients,
practices that maximize safe use and off-farm distribu-
tion of nutrients would be emphasized. For example,
spreading manure onto alfalfa would not be a recom-
mended practice on a farm with a deficit of nitrogen
because this would be an inefficient use of the manure
nitrogen; however, spreading manure on alfalfa may be
recommended to safely use the manure on a farm with
excess nitrogen.
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Table 503-5 summarizes important considerations in
selecting appropriate management options depend-
ing on the assessment outcome. The economics of
improved nutrient management are not always posi-
tive. In fact, on farms that have excessive nutrients,
improving the nutrient management usually results in
a negative economic return. This is a common misun-
derstanding by people who think that improved nutri-
ent management will always give a positive economic
return. Farmers would likely have already adopted the
practices if the economics were positive.

Nutrient management planning involves integrating
the management options based on the assessment into
a comprehensive tactical and operational plan. The
nutrient management planning process (table 503-6) is
dependent upon the synthesis of information and data
on the soils, cropping systems, nutrient amendments,
management practices, and climate; therefore, care
should be taken to ensure that the information used to
develop the nutrient management plan is current and
accurate.

Nutrient management plans must be tailored to spe-
cific soils and crop production systems. While each
State in our region may have differing approaches to
this process, the steps in table 503-6 will generally be
essential.

Implementation

The nutrient management plan will not protect the
environment unless it is implemented. Thus, it is es-
sential to work with the farmer to assure that the plan
is practical.

Keeping records

Keeping records is often required by law, but record-
keeping is a critical process regardless of any legal
requirement. The record provides accountability to
the public and is the foundation for an assessment
that will start the next nutrient management plan-
ning cycle. In the end, nutrient management planning
should be a continuous process of assessing the imple-
mentation successes and failures, selecting new man-
agement options as appropriate, revising the plan, and
implementing this revised plan. With time, the imple-
mentation should more closely match the plan.

Recordkeeping should be part of the plan to facilitate
the process. For example, it is easy for the farmer

to acknowledge that a component of the plan was
completed as planned, or to note that something was
done differently, if space for records is included in the
operational summary of the plan that the farmer will
follow.

Table 503-7 is an excerpt from a nutrient management
plan manure application summary which includes the
records of what was done. In this example, manure

to be applied for corn should be incorporated within

4 to 7 days after application, but the record shows
that it was not incorporated. If this continues to be a
common occurrence, incorporation may be omitted in
future plans.

Table 503-5 Selecting management options depending on nutrient balance from the nutrient balance assessment
I
Option Nutrient balance assessment Balanced nutrients Excess nutrients

deficient in nutrients

Management emphasis

utilization
Land available for spreading Adequate
Economics Positive

Maximize nutrient use efficiency

Maximize safe nutrient
utilization and move excess
nutrients off farm

Adequate but limited
Neutral

Inadequate for manure

Negative
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Table 503-6 Nutrient planning steps
—

Step 1  Obtain accurate soil information for each field or management unit by analyzing representative soil
samples from each management unit. This may require a new farm soil map or a revision of existing USDA
NRCS mapping coverage.

Step 2 Determine the crop yield potential for each field based on the known productivity of the soils present-
coupled with the intended management practices.

Step 3  Identify the total plant nutrient needs to achieve the expected yield potential. Usually this is based on
the soil test recommendation.

Step 4 Estimate the nutrient contribution that can be expected from residual effects or carryover from previ-
ous fertilizer, manure, or biosolids applications. Include credit for nitrogen supplied to a row crop following a
previous legume.

Step 5 Determine if any nutrients will be applied regardless of the manure application. Examples here might
be starter fertilizers or fertilizers used as pesticide carriers.

Step 6 Calculate the rate of manure, composts or biosolids that would match or balance the net crop nutrient
requirements.

Net Nutrient Requirement =
Total nutrient needs — residuals from manure and legumes — irrigation water credits — fertilizer to be
applied regardless of manure

Usually this rate is calculated based on the net nitrogen or phosphorus requirement. If the rate is based on
nitrogen, the availability of the manure nitrogen to crops must be considered in the calculation. The potential
environmental risk from phosphorus applied at the nitrogen-based rate should be evaluated with the use of

a tool such as the Phosphorus Index if the rate is based on nitrogen. The calculated rate is often adjusted to
make it more practical for the farmer. The practical rate should not exceed the calculated balanced rate.

Step 7 Recommend application timing and methods for manure, other organic nutrients, and/or commercial
fertilizers to supply the needed nutrients at the appropriate time for optimal crop production.

Step 8 Recommend appropriate management practices (e.g., tillage, irrigation, cropping system, buffer
zones) to enhance the protection of surface water and groundwater.

Step 9 Identify and plan treatment for sensitive areas whose characteristics may increase the risk of nutrient
loss.

Table 503-7 Nutrient management plan manure application
|
Field Acre Crop Fertilizer Actual Type Rate Time Method Actual
1 10 Corn 10-20-10 Done 4/29 Dairy 5000 gal/a Spring Surface incorporate Done 4/10
Starter within 4-7 days Not incorpo-
rated
2 10 Hay 0-50-150 Applied 150 Applied 3000 gal.
Ib 0-0-60/a dairy manure after
plus manure first cutting 6/7
3 10 Corn 10-20-10 Done 5/2 Dairy Spring Surface incorporate  Done 4/17
Starter 5000 within 4-7 days Not incorpo-
gal/a rated
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503.22 Basic soil fertility
Plant nutrition

What is an essential element? An essential mineral
element is one that is required for normal plant growth
and reproduction. With the exception of carbon (C)
and oxygen (O), which are supplied from the atmo-
sphere, the essential elements are obtained from the
soil. The amount of each element required by the plant
varies; however, all essential elements are equally im-
portant in terms of plant physiological processes and
plant growth.

The exact number of elements that should be consid-
ered essential to plant growth is a matter of some de-
bate. For example, cobalt, which is required for nitrogen
fixation in legumes, is not considered to be an essential
element by some researchers. Table 5038 lists 18 ele-

Table 503-8 Eighteen essential elements for plant

— growth, and the chemical forms most
commonly taken up by plants

Element Symbol Form Absorbed by Plants

Carbon C CO,

Hydrogen H H*, OH~, H,0

Oxygen (6] (O

Nitrogen N NH,*, NO4~

Phosphorus p HPO,*, H,PO,"

Potassium K K*

Calcium Ca Ca2*

Magnesium Mg Mg2+

Sulfur S SO 42‘

Iron Fe Fe,*, Feg*

Manganese Mn Mn2*, Mn?+

Boron B H,BO,, BO;, B,0,*

Zinc Zn Zn2+

Copper Cu Cu?*

Molybdenum Mo MoO,*

Chlorine Cl Cl-

Cobalt Co Co?*

Nickel Ni Ni2+

ments that are considered essential by many scientists.
Other elements that are sometimes listed as essential
are sodium (Na), silicon (Si), and vanadium (V).

Categories of essential elements

Essential elements can be grouped into four categories
based on their origin or the relative amount a plant
needs in order to develop properly (table 503-9). See
table 503-10 for functions of essential elements.

Non-mineral essential elements are derived from the
air and water. Primary essential elements are most
often applied in commercial fertilizers or in manures.
Secondary elements are normally applied as soil
amendments or are components of fertilizers that
carry primary nutrients. Non-mineral, primary and
secondary elements are also referred to as macronutri-
ents since they are required in relatively large amounts
by plants.

Micronutrients are required in very small, or trace,
amounts by plants. Although micronutrients are re-
quired by plants in very small quantities, they are
equally essential to plant growth.

Nutrient deficiency symptoms

Caution regarding visual diagnosis

Visual diagnosis of plant deficiencies can be very risky.
There may be more than one deficiency symptom ex-
pressed, which can make diagnosis difficult. Both soil
and tissue samples should be collected, analyzed, and
interpreted before any recommendations are made
concerning application of fertilizer (tables 503-11 and
503-12).

Nutrient uptake by crops refer to your State supple-
ments, including 590 specifications, Manure Manage-
ment Planner, or approved nutrient management
software.

Element uptake is the amount of nine different ele-
ments taken up by selected crops is shown in tables
503-13 through 503-15.
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Table 503-9 Essential elements, their relative uptake, and sources where they are obtained by plants
—
Macronutrients Micronutrients
Non-Mineral Primary Secondary
Mostly from air and water =~ Mostly from soils Mostly from soils Mostly from soils
Carbon Nitrogen Calcium Iron
Hydrogen Phosphorus Magnesium Manganese
Oxygen Potassium Sulfur Boron
Zinc
Copper
Molybdenum
Chlorine
Cobalt
Nickel

Table 503-10 Functions of essential elements in plants

Essential element

Function in plant

Carbon, hydrogen, and
oxygen

e Directly involved in photosynthesis, which accounts for most of plant growth:
6CO,+12 H,0 —> 60, + 6 (CH,0) + 6 H,0

Nitrogen

¢ Found in chlorophyll, nucleic acids, and amino acids
e Component of protein and enzymes, which control almost all biological processes

Phosphorus

e Typically concentrated in the seeds of many plants as phytin
e Important for plant development including;:
— development of a healthy root system
— normal seed development
— uniform crop maturation
— photosynthesis, respiration, cell division, and other processes

e Essential component of Adenosine Triphosphate (ATP), which is directly responsible
for energy transfer reactions in the plant Essential component of DNA and RNA, and
phospholipids, which play critical roles in cell membranes

Potassium

e Found in ionic form in the cell, rather than incorporated in structure of organic
compounds
e Responsible for:
— regulation of water usage in plants
— disease resistance
— stem strength
¢ Involved in:
— photosynthesis
— drought tolerance
— improved winter-hardiness
— protein synthesis
e Linked to improvement of overall crop quality, including handling and storage quality

503-18
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Table 503-10
I

Functions of essential elements in plants—continued

Essential element

Function in plant

Calcium ¢ Essential for cell elongation and division
e Specifically required for:
— root and leaf development
— function and cell membranes
— formation of cell wall compounds
¢ Involved in the activation of several plant enzymes
Magnesium ¢ Primary component of chlorophyll and is therefore actively involved in photosynthesis
e Structural component of ribosomes, which are required for protein synthesis
¢ Involved in phosphate metabolism, respiration, and the activation of several enzyme systems
Sulfur ¢ Required for the synthesis of the sulfur-containing amino acids cystine, cysteine, and methionine, which are essential for protein forma-
tion
¢ Involved with:
— development of enzymes and vitamins
— promotion of nodulation for nitrogen fixation by legumes
— seed production chlorophyll formation
— formation of several organic compounds that give characteristic odors to garlic, mustard, and onion
Boron ¢ Essential for:
— germination of pollen grains and growth of pollen tubes
— seed and cell wall formation
— development and growth of new cells in meristematic tissue
¢ Forms sugar/borate complexes associated with the translocation of sugars, starches, N, and P
¢ Important in protein synthesis
Copper e Necessary for chlorophyll formation
o (Catalyzes several enzymes
Iron e Serves as a catalyst in chlorophyll synthesis
— development of enzymes and vitamins
— promotion of nodulation for nitrogen fixation by legumes
— seed production chlorophyll formation
— formation of several organic compounds that give characteristic odors to garlic, mustard, and onion
Boron ¢ Essential for:
— germination of pollen grains and growth of pollen tubes
— seed and cell wall formation
— development and growth of new cells in meristematic tissue
¢ Forms sugar/borate complexes associated with the translocation of sugars, starches, N, and P
e Important in protein synthesis
Copper e Necessary for chlorophyll formation
e (Catalyzes several enzymes
Iron e Serves as a catalyst in chlorophyll synthesis
¢ Involved in many oxidation-reduction reactions during respiration and photosynthesis
Manganese ¢ Functions primarily as a part of the enzyme systems in plants
® Serves as a catalyst in chlorophyll synthesis along with iron
e Activates several important metabolic reactions (enzymes)
¢ Plays a direct role in photosynthesis
Zinc ¢ Aids in the synthesis of plant growth compounds and enzyme systems
¢ Essential for promoting certain metabolic/enzymatic reactions
e Necessary for the production of chlorophyll, carbohydrates, and growth hormones
Molybdenum ¢ Required for the synthesis and activity of nitrate reductase; the enzyme system that reduces NO,;~ to NH,* in the plant
¢ Essential in the process of symbiotic nitrogen fixation by Rhizobia bacteria in legume root nodules
Chlorine ¢ Involved in:
— energy reactions in the plant
— breakdown of water
— regulation of stomata guard cells
— maintenance of turgor and rate of water loss
— plant response to moisture stress and resistance to some diseases
* Activates several enzyme systems
e Serves as a counter ion in the transport of several cations in the plant
Cobalt ¢ Essential in the process of symbiotic nitrogen fixation by Rhizobia bacteria in legume root nodules
e Has not been proven to be essential for the growth of all higher plants
Nickel e Component of the urease enzyme

Essential for plants supplied with urea and for those in which ureides are important in nitrogen metabolism
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Table 503-11

Terminology used to describe deficiency symptoms

|
Term Definition
Chlorosis Yellowing or lighter shade of green
Necrosis Browning or dying of plant tissue
Interveinal Between the leaf veins
Meristem The growing point of a plant
Internode Distance of the stem between the leaves
Mobile A mobile element is one that is able to translocate, or move, from one part of the plant to another depend-

ing on its need. Mobile elements generally move from older (lower) plant parts to the plant’s site of most
active growth (meristem)

Table 503-12
|

Mobility and specific deficiency symptoms

Essential element

Mobility

Deficiency symptoms and occurrence

Nitrogen Mobile within plants: lower e Stunted, slow growing, chlorotic plants show chlorosis first
leaves e Reduced yield
e Plants more susceptible to weather stress and disease
e Some crops may mature earlier
Phosphorus Mobile within plants: lower e QOver-all stunted plant and a poorly developed root system show
leaves deficiency first
e (Can cause purple or reddish color associated with the accumula-
tion of sugars
e Difficult to detect in field
Potassium Mobile within plants: lower e Commonly causes scorching or firing along leaf margins show
leaves deficiency first
e Deficient plants grow slowly, have poorly-developed root systems,
weak stalks; lodging is common
e Seed and fruit are small and shriveled
e Plants possess low resistance to disease
e Deficiencies most common on acid sandy soils and soils that have
received large applications of Ca and/or Mg
Calcium Not mobile within plants: e Poor root growth: Ca deficient roots often turn black and rot
upper leaves and the growing e Failure of terminal buds of shoots and apical tips of roots to de-
point show deficiency symp- velop, causing plant growth to cease
toms first e Most often occurs on very acid soils where Ca levels are low
e Other deficiency effects such as high acidity usually limit growth
before Ca deficiency apparent
Magnesium Mobile within plants: lower e Leaves show a yellowish, bronze or reddish color while leaf show
leaves deficiency first veins remain green
Sulfur Somewhat mobile within e Chlorosis of the longer leaves
plants but upper leaves tend e If deficiency is severe, entire plant can be chlorotic and stunted
to show deficiency first e Symptoms resemble those of nitrogen deficiency; can lead to incor-
rect diagnoses
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Soil properties that influence nutrient avail-
ability

Influence of cation exchange capacity and base
saturation on fertilizer management

A soil’s cation exchange capacity (CEC) should be
considered when determining the appropriate rates
and timing of nutrient applications in a fertilizer pro-
gram. In general, smaller amounts of fertilizer, applied
more often, are needed in low CEC soils to prevent
leaching losses, while larger amounts may be applied
less frequently in high CEC soils. For example, it may
not be wise to apply K on very sandy soils with low
CEC in the fall to serve the next spring’s crops, espe-
cially in areas where fall and winter rainfall is high. In
comparison, on clayey soils with high CEC, adequate K
can be applied in the fall for one or more future crops.

In the past, the concept of base saturation was used

to develop fertilizer programs. This school of thought
held that certain nutrient ratios, or balances, are
needed for optimum crop nutrition. Most crops grow
best at a base saturation of 80 percent or more; how-
ever, research has shown that saturation ranges for
specific cations (K*, Mg2+, and Ca2*) have little or no
utility in the majority of agricultural soils. Under field
conditions, relative amounts of nutrients can vary
widely with no detrimental effects, as long as individu-
al nutrients are present in sufficient levels in the soil to
support optimum plant growth.

Ion mobility in soils

Anions (negatively charged ions) usually leach more
readily than cations because they are not attracted to
the predominantly negative charge of soil colloids. For
example, NO;7, due to its negative charge and relative-
ly large ionic radius, is not readily retained in the soil
and is easily lost from soils by leaching.

An exception to this behavior is P anions (HPO 42‘,
H,PO,"). These anionic forms do not easily leach
through the soil profile because of their specific
complexing reactions with soil components. Surface
applications of inorganic and organic sources of P
without incorporation will result in the accumula-
tion of P near the soil surface. Estimates of vertical P
movement in most agricultural soils are on the order
of 0.5 to 1 inch per year with an average rainfall of 36
inches, with greater movement in coarse-textured than
fine-textured soils. Since P can accumulate near the

soil surface, losses of P from agricultural systems are
associated with a combination of residual soil P levels
and soil erosion.

Effect of pH on nutrient availability

Many soil elements change form as a result of chemi-
cal reactions in the soil. Plants may or may not be
able to use elements in some of these forms. Because
pH influences the soil concentration and, thus, the
availability of plant nutrients, it is responsible for the
solubility of many nutrient elements. Figure 503-8
illustrates the relationship between soil pH and the
relative plant availability of nutrients.

e K Ca, and Mg—These nutrients are most
available in soils with pH levels greater than
6.0. They are generally not as available for plant
uptake in acid soils since they may have been
partially leached out of the soil profile.

e P—Phosphorus solubility and plant availability
are controlled by complex soil chemical reac-
tions, which are often pH-dependent. Plant
availability of P is generally greatest in the pH

Figure 503-8 Relationship between soil pH and nutrient
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Table 503-12
—

Mobility and specific deficiency symptoms—continued

Essential element

Mobility

Deficiency symptoms and occurrence

Boron Not mobile within plants: upper ¢ Reduced leaf size and deformation of new leaves
leaves and the growing point ¢ Interveinal chlorosis if deficiency is severe deficiency
show symptoms first e May cause distorted branches and stems
e Related to flower and or fruit abortion, poor grain fill, and stunt-
ed growth
e May occur on very acid, sandy-textured soils or alkaline soils.
Copper Not mobile within plants: upper ¢ Reduced leaf size leaves and the growing point show
e Uniformly pale yellow leaves deficiency symptoms first
e Leaves may lack turgor and may develop a bluish-green cast,
become chlorotic and curl
¢ Flower production fails to take place
e Organic soils are most likely to be Cu deficient
Iron Not mobile within plants: upper e Interveinal chlorosis that progresses over the entire leaf
leaves show deficiency symp- e With severe deficiencies, leaves turn entirely white
toms first e Factors contributing to Fe deficiency include imbalance with
other metals, excessive soil phosphorus levels, high soil pH, wet,
and cold soils
Manganese Not mobile within plants: upper e Interveinal chlorosis
leaves show deficiency symp- e Appearance of brownish-black specks
toms first e (Occurs most often on high organic matter soils and soils with
neutral to alkaline pH with low native Mn content
Zinc Not mobile within plants: upper ¢ Shortened internodes between new leaves
leaves and the growing point e Death of meristematic tissue
show deficiency symptoms first e Deformed new leaves
¢ Interveinal chlorosis
e Occurs most often on alkaline (high pH) soils or soils with high
available phosphorus levels
Molybdenum Not mobile within plants: upper e Interveinal chlorosis
leaves show deficiency symp- e Wilting
toms first e Marginal necrosis of upper leaves
e Occurs principally on very acid soils, since Mo becomes less
available with low pH
Chlorine Mobile within plant, but defi- e Chlorosis in upper leaves symptoms
ciency usually appear on the e QOverall wilting of the plants
upper leaves first e Deficiencies may occur in well drained soils under high rainfall
conditions
Cobalt Used by symbiotic N-fixing bac- e Causes nitrogen deficiency: chlorotic leaves and stunted plants
teria in root nodules of legumes ® Occurs in areas with soils deficient in native Colorado
and other plants
Nickel Mobile within plants e Symptoms and occurrence are not well documented but may in-

clude chlorosis and necrosis in young leaves and failure to pro-
duce viable seeds

Note: Information given above on nutrient mobility and deficiency symptoms is condensed. For more information, or for information on defi-
ciency symptoms for a specific crop, see Bennett 1993; Horst 1995; Jones 1998; PPI 2003; or your State’s Cooperative Extension Service publica-

tions.
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Table 503-13 Nutrient removal by selected hay crops
—
Crop Yield N P K Ca Mg S Cu Mn Zn
(tons)
---------------------- pounds per acre -------------------u--
Alfalfa 6 350 40 300 160 40 44 0.10 0.64 0.62
Bluegrass 2 60 12 55 16 7 5 0.02 0.30 0.08
Coastal Bermuda-grass 8 400 45 310 48 32 32 0.02 0.64 0.48
Fescue 3.5 135 18 160 — 13 20 — — —
Orchard Grass 6 300 50 320 — 25 35 — — —
Red Clover 2.5 100 13 90 69 17 7 0.04 0.54 0.36
Soybean 2 90 12 40 40 18 10 0.04 0.46 0.15
Timothy 4 150 24 190 18 6 5 0.03 0.31 0.20
Table 503-14 Nutrient removal by selected field crops
—
Crop Yield N P K Ca Mg S Cu Mn Zn
---------------------- pounds per acre ----------------------
Barley (grain) 60 bu 65 14 24 2 6 8 0.04 0.03 0.08
Barley (straw) 2 tons 30 10 80 8 2 4 0.01 0.32 0.05
Corn (grain) 200 bu 150 40 40 6 18 15 0.08 0.10 0.18
Corn (stover) 6 tons 110 12 160 16 36 16 0.05  1.50 0.30
Cotton(seed-+lint) 1.3tons 63 25 31 4 7 5 0.18 0.33 0.96
Cotton (stalk+leaf) 1.5tons 57 16 72 56 16 15 0.056 0.06 0.75
Oats (grain) 80 bu 60 10 15 4 6 0.03 0.12 0.05
Oats (straw) 2 tons 35 8 90 12 0.03 — 0.29
Peanuts (nuts) 2 tons 140 22 35 5 10 0.04 0.30 0.25
Peanuts (vines) 2.5tons 100 17 150 88 20 11 0.12 0.15 —
Rye (grain) 30 bu 35 10 10 2 3 0.02 0.22 0.03
Rye (straw) 1.5tons 15 8 25 8 2 0.01 0.14 0.07
Soybean (grain) 50 bu 188 41 74 19 10 23 0.05 0.06 0.05
Soybean (stover) 3 tons 89 16 74 30 9 12 — — —
Wheat (grain) 60 bu 70 20 25 10 4 0.04 0.10 0.16
Wheat (straw) 2.5tons 45 5 65 12 15 0.01 0.16 0.05
Tobacco (burley) 2 tons 145 14 150 — 18 24 — — —
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range of 5.5 to 6.8. When soil pH falls below 5.8,
P reacts with Fe and Al to produce insoluble Fe
and Al phosphates that are not readily avail-
able for plant uptake. At high pH values, P
reacts with Ca to form Ca phosphates that are
relatively insoluble and have low availability to
plants.

e Micronutrients—In general, most micronutri-

ents are more available in acid than alkaline
soils. As pH increases, micronutrient availabil-
ity decreases, and the potential for deficiencies
increase. An exception to this trend is Mo,
which becomes less available as soil pH de-
creases. In addition, B becomes less available
when the pH is <5.0 and again when the pH
exceeds 7.0.

o Al, Fe, and Mn toxicity—At pH values less

than 5.0, Al, Fe, and Mn may be soluble in suf-
ficient quantities to be toxic to the growth of
some plants. Aluminum toxicity limits plant
growth in most strongly acid soils. Aluminum
begins to solubilize from silicate clays and Al
hydroxides below a pH of approximately 5.3,
which increases the activity of exchangeable
A3+, High concentrations of exchangeable Al
are toxic and detrimental to plant root develop-
ment.

Soil organisms—Soil organisms grow best in
near-neutral soil. In general, acid soil inhibits
the growth of most organisms, including many
bacteria and earthworms. Thus, acid soil slows

many important activities carried on by soil
microbes, including nitrogen fixation, nitrifica-
tion, and organic matter decay. Rhizobia bacte-
ria, for instance, thrive at near-neutral pH and
are sensitive to solubulized Al.

Acid soils and liming

Acidification is a natural process that occurs continu-
ously in soils. It is caused by the following factors:

e The breakdown of organic matter can cause
acidification of the soil as amino acids are con-
verted into acetic acid, hydrogen gas, dinitro-
gen gas, and carbon dioxide by the reaction:

2C,H,NO, +0, — 2HC,H,0, +3H, + N, +2CO,

The movement of acidic water from rainfall
through soils slowly leaches basic essential
elements such as Ca, Mg, and K below the plant
root zone and increases the concentration of
exchangeable soil Al. Soluble AI?* reacts with
water to form this equation, which makes the
soil acid.

¢ Soil erosion removes exchangeable cations
adsorbed to clay particles.

e Hydrogen is released into the soil by plant
root systems as a result of respiration and ion
uptake processes during plant growth.

Table 503-15

Nutrient removal by selected fruit and vegetable crops

|
Crop Yield N P K Ca Mg S Cu Mn Zn
---------------------- pounds per acre ------------------umnv

Apples 500 bu 30 10 45 5 10 0.03 0.03 0.03
Cabbage 20tons 130 35 130 20 8 44 0.04 0.10 0.08
Peaches 600 bu 35 20 65 8 2 - - 0.01
Potato (sweet) 300 bu 40 18 96 4 6 0.02 0.06 0.03
Potato (white) 15tons 90 48 158 7 7 0.06 0.14 0.08
Snap Bean 4 tons 138 33 163 — 17 — — — —
Spinach 5 tons 50 15 30 12 5 4 0.02 0.10 0.10
Tomatoes (fruit) 20tons 120 40 160 11 14 0.07 0.13 0.16
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e Nitrogen fertilization speeds up the rate at
which acidity develops, primarily through the
acidity generated by nitrification:

2NH," +40, — 2H,0+4H" + 2NO,
e The harvesting of crops removes basic cations.

Ejffect of pH/liming on crop yields

Liming is a critical management practice for main-
taining soil pH at optimal levels for growth of plants.
Over-liming can induce micronutrient deficiencies by
increasing pH above the optimum range.

Most crops grow well in the pH range 5.8 to 6.5. Le-
gumes generally grow better in soils limed to pH val-
ues of 6.2 to 6.8. Plants such as blueberries, mountain
laurel, and rhododendron grow best in strongly acid
(pH < 5.2) soils. Most crops will grow well on organic
soils (>20 percent organic matter), even if the pH is
in the range of 5.0 to 5.5, because much of the acidity
such soils is derived from non-toxic organic matter
functional groups rather than toxic Al

Benefits of liming
e Liming reduces the solubility and potential
toxicity of Al and Mn.

e Liming supplies the essential elements Ca and/
or Mg. Both are generally low in very acid soils.

e Liming increases the availability of several es-
sential nutrients.

e Liming stimulates microbial activity (i.e., nitrifi-
cation) in the soil.

e Liming improves symbiotic nitrogen fixation by
legumes.

e Liming improves the physical conditions of the
soil.

Maintaining a proper soil pH helps to improve the ef-
ficiency of some herbicides.

Determining lime requirements

Soil pH is an excellent indicator of soil acidity; how-
ever, it does not indicate how much total acidity is
present, and cannot be used to determine a soil’s lime
requirement when used alone.

The lime requirement for a soil is the amount of agri-
cultural limestone needed to achieve a desired pH
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National range for the cropping system used. Soil pH
determines only active acidity (the amount of H+ in
the soil solution at that particular time), while the lime
requirement determines the amount of exchangeable,
or reserve acidity, held by soil clay and organic matter
(fig. 503-9).

Most laboratories use soil pH in combination with
buffered solutions to extract and measure the amount
of reserve acidity, or buffering capacity (chapter 3) in
a soil. The measured amount of exchangeable/reserve
acidity is then used to determine the proper amount of
lime needed to bring about the desired increase in soil
pH. The rate of agricultural limestone applied to any
agricultural field should be based on soil test recom-
mendations.

Selecting a liming material
Factors to consider in selecting a liming material
include:

e Calcium carbonate equivalence (CCE)—CCE
is a measure of the liming capability of a ma-
terial relative to pure calcium carbonate ex-
pressed as a percentage. A liming material with
a CCE of 50 has 50 percent of the liming capa-
bility of calcium carbonate.

e Length of time between application of lime
and planting of crop—The choice between a
slower acting and a quick-acting liming mate-
rial is often determined by the time between
application of lime and crop planting.

Figure 503-9 Relationship between residual, ex-
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e Crop value—The value of the crop, especially
those crops that are acid-sensitive or have a
critical pH requirement, should be considered
in determining what lime source to use. It
may be desirable to use pulverized, hydrated
(Ca(OH)Z), or burned (CaO) lime, which will
neutralize soil acidity quickly, when growing
an acid-sensitive crop in strongly acid soils.
Although the cost per acre will be greater,
improved crop performance should result in
higher net income. Aglime has its maximum
effect in a period of 1 to 3 years, while suspen-
sion lime, burned lime, and hydrated lime have
their maximum effect in 3 to 6 months.

e Need for magnesium—Calcitic lime should be
used in soils with high magnesium levels, while
dolomitic limes should be used on soils low
in magnesium. Use soil test data to determine
which type of lime to use

Frequency of lime applications

Intensive cropping systems result in more frequent
need for liming as Ca and Mg are depleted with crop
removal and soil becomes acidified due to higher
ammonium-N applications. A soil test every 2 or 3 years
will reveal whether or not lime is needed. Sandy soils
generally require less lime at any one application than
silt loam or clay soils to decrease soil acidity by a given
amount. Sandy soils, however, usually need to be limed
more frequently because their buffering capacity is low.

Applying lime

Lime moves slowly in soil from the point of applica-
tion, and lime particles dissolve more slowly as acid-
ity is reduced. In conventionally tilled systems, lime
should be mixed to tillage depth in order to effectively
neutralize soil acidity in the primary root zone. On
moderately acid soils (pH 5.2-5.7), a single application
of lime made either before or after tillage will usually
give good results. For strongly acid soils (pH 5.0 and
lower) that have very high lime requirements, it may
be desirable to apply half of the lime before tillage and
the remaining half after tillage. For large areas that
have high lime requirements (3—4 tons/acre), it may

be best to apply half of the required lime in a first year
application and the remainder in the second year. Ag-
ricultural limestone can be applied anytime between
the harvest of a crop and the planting of the next. Lime
is usually broadcast on the soil surface before tillage
operations and incorporated into the soil. In conser-

vation tillage systems and on pastures and hay fields,
surface applications can be made whenever soil condi-
tions allow spreaders to enter the fields. Research with
no-tillage corn and forages has shown that surface
applied lime has been effective in reducing soil acidity
in the surface two to four inches of soil

Nitrogen

The nitrogen cycle

Nitrogen is subject to more transformations than

any other essential element. These cumulative gains,
losses, and changes are collectively termed the nitro-
gen cycle (fig. 503-10). The ultimate source of nitrogen
is N, gas, which comprises approximately 78 percent
of the earth’s atmosphere. Inert N, gas, however, is
unavailable to plants and must be transformed by
biological or industrial processes into forms which are
plant-available. As a result, modern agriculture is heav-
ily dependent on commercial nitrogen fertilizer. Some
of the more important components of the nitrogen
cycle are described next.

Nitrogen fixation

Nitrogen fixation is the process whereby inert N, gas
in the atmosphere is transformed into forms that are
plant-available, including NH,* or NO;". Fixation can
take place by biological or by non-biological processes.

¢ Biological nitrogen fixation processes include:

—  Symbiotic nitrogen fixation—This process
is mediated by bacteria with the ability to
convert atmospheric N, to plant-available
nitrogen while growing in association with
a host plant. Symbiotic Rhizobium bacteria
fix N,, in nodules present on the roots of
legumes. Through this relationship, the
bacteria make N, from the atmosphere
available to the legume as it is excreted
from the nodules into the soil. In the Mid-
Atlantic region, the quantity of nitrogen
fixed by most leguminous crops is probably
less than 150 pounds per acre per year.

— Non-symbiotic nitrogen fixation—This is
a N, fixation process that is performed by
free-living bacteria and blue-green algae in
the soil. The amount of N, fixed by these
organisms is much lower than that fixed by
symbiotic N, fixation.
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¢ Non-biological nitrogen fixation processes
include:

Atmospheric additions—Small amounts
of nitrogen in the order of 5 to 15 pounds
per acre per year can be added to the

soil in the form of rain or snowfall. This
includes nitrogen that has been fixed by
the electrical discharge of lightning in the
atmosphere and industrial pollution.
Synthetic or industrial processes of ni-
trogen fixation—The industrial fixation of
nitrogen is the most important source of
nitrogen as a plant nutrient. The produc-
tion of nitrogen by industrial processes is

based on the Haber-Bosch process where
hydrogen (H,) and N, gases react to form
NH;:

N,+3H, — 2NH,

Hydrogen gas for this process is obtained
from natural gas and N, comes directly
from the atmosphere. The NH; produced
can be used directly as a fertilizer (anhy-
drous NH,) or as the raw material for other
nitrogen fertilizer products, including am-
monium phosphates, urea, and ammonium
nitrate.

Figure 503-10
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Residual nitrogen from legume cover crops Forms of soil nitrogen

Soil nitrogen occurs in both inorganic and organic

Nitrogen contained in the residues from a previous forms. Most of the total nitrogen in surface soils is
legume crop is an important source of nitrogen and present as organic nitrogen (fig. 503-11).
should be considered when developing an nitrogen
fertilization program. The amounts of residual nitro- ¢ Inorganic forms of soil nitrogen include:
gen left in the soil from previous legume crops are — ammonium (NH,*)
summarized in table 503-16 for the Mid-Atlantic re- — nitrite (NO,")
gion. State supplements should be utilized for legume — nitrate (NO3)
credits. Accounting for residual nitrogen from legumes — nitrous oxide (N,O gas)
can reduce both nitrogen fertilizer costs and the risk — nitric oxide (NO gas)
of NO;™ losses by leaching. — elemental nitrogen (N,, gas)

NH,*, NO,~, and NO;™ are the most important
plant nutrient forms of nitrogen and usually
comprise 2 to 5 percent of total soil N.

Table 503-16 Example residual nitrogen credits provided by legumes, by Mid-Atlantic State sources: Pennsylvania: Pennsyl-
I vania Agronomy Guide, 2005-2006, 2005; Maryland: Maryland Nutrient Management Manual, 2005; Delaware:
Sims and Gartley, 1996; Virginia/West Virginia: Virginia Division of Conservation and Recreation, 2005

State.

Legume Criteria Pennsylvania Maryland Delaware Virginia/West Virginia

------------- nitrogen credit, lb/acre ------------

Alfalfa First year after legume — 100-150% 90 —
> 50 percent stand 80-120 V — — 90
2549 percent stand 60-80 V — — 70
Red clover and trefoil First year after legume 40 60
> 50 percent stand 60-90 V — — 80 2%
25-49 percent stand 50-60 V — — 60 ¥
< 25 percent stand 40 — — 40 %
Ladino clover — 60 — —
Crimson clover — 50-100% — —
Hairy vetch — 75-150 — 50-100
Austrian winter peas — 75-150 — —
Lespedeza — 20 — —
Peanuts — — — 45
Soybeans First year after grain 1 1b N/bu soy- 1520 ¥ 0.5 Ib/bu 0.5 Ib/bu of soybeans or
beans soybeans 20 1b if yield is unknown

[

Actual rate depends on soil productivity group

2 Depends on stand; if stand is good (> 4 plants/ft2), credit 150 1b; if stand is fair (1.5 to 4 plants/ft%), credit 125 lb; if stand is poor
(< 1.5 plants/ft2), credit 100 1b

3 Depends on planting date (and biomass production), kill date, and subsequent tillage

4 A minimum of 15 Ib and may be as much as 1 1b per bushel of soybeans, up to a maximum of 40 1b
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e Organic soil nitrogen occurs in the form of
amino acids, amino sugars, and other complex
nitrogen compounds.

N mineralization (fig. 503-11) is the conversion of
organic nitrogen to NH,*. This is an important process
in the nitrogen cycle since it results in the liberation of
plant-available inorganic nitrogen forms.

N immobilization is the conversion of inorganic plant
available nitrogen (NH,* or NO;") by soil microor-
ganisms to organic nitrogen forms (amino acids and
proteins). This conversion is the reverse of mineraliza-
tion, and these immobilized forms of nitrogen are not
readily available for plant uptake.

Carbon to nitrogen ratios (C:N)

Immobilization and mineralization are ongoing pro-
cesses in the soil and are generally in balance with one
another. This balance can be disrupted by the incor-
poration of organic residues that have high carbon to
nitrogen ratios (C:N).

The ratio of percent C to percent N, or the C:N ratio,
defines the relative quantities of these elements in resi-
dues and living tissues. Whether nitrogen is mineralized
or immobilized depends on the C:N ratio of the organic
matter being decomposed by soil microorganisms:

e Wide C:N ratios of > 30:1—Immobilization of
soil nitrogen will be favored. Residues with
wide C:N ratios include hay, straw pine needles,
cornstalks, dry leaves, and sawdust.

e (:N ratios of 20:1 to 30:1—Immobilization and
mineralization will be nearly equal.

e Narrow C:N ratios of < 20:1—Favor rapid
mineralization of N. Residues with narrow C:N
ratios include alfalfa, clover, manures, biosol-
ids, and immature grasses.

The decomposition of a crop residue with a high C:N
ratio is illustrated in figure 503-12. Shortly after in-
corporation, high C:N ratio residues are attacked and
used as an energy source by soil microorganisms. As
these organisms decompose the material, there is com-
petition for the limited supply of available nitrogen
since the residue does not provide adequate nitrogen
to form proteins in the decaying organisms. During
this process, available soil nitrogen is decreased and
the C in the residues is liberated as CO,, gas. As de-
composition proceeds, the residue’s C:N ratio narrows
and the energy supply is nearly exhausted. At this
point, some of the microbial populations will die and
the mineralization of nitrogen in these decaying organ-
isms will result in the liberation of plant-available N.
The timing of this process will depend on such fac-
tors as soil temperature, soil moisture, soil chemical

Figure 503-11
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properties, fertility status, and the amount of residues
added. The process can be accelerated by applying
nitrogen fertilizer sources at the time of application of
the residue.

Nitrification

Nitrification is the biological oxidation of ammonium
(NH,*) to nitrate (NO;™) in the soil. Sources of NH, for
this process included both commercial fertilizers and
the mineralization of organic residues. Nitrification is
a two-step process where NH,* is converted first to
NO,™ and then to NO5~ by two autotrophic bacteria in
the soil (Nitrosomonas and Nitrobacter). These bac-
teria get energy from the oxidation of nitrogen and C
from CO, .

2NH,* +30, — 2NO,” +2H,0+4H

2N027+02 %Nitrobacter Nos—

Nitrification is important because:

e Nitrate is readily available for uptake and use
by crops and microbes.

e Nitrate is highly mobile and subject to leaching
losses. NO;™ leaching is generally a major nitro-
gen loss mechanism from agricultural fields in
humid climates and under irrigation. Potential
losses are greater in deep sandy soils as com-
pared to fine textured soils. Nitrogen losses can
be minimized through proper nitrogen manage-
ment, including the proper rate and timing of
nitrogen fertilizer applications.

¢ Nitrate-nitrogen (NO;™N) can be lost through
denitrification, the process where NO,™ is
reduced to gaseous nitrous oxide (N,O) or
elemental nitrogen (N,) and lost to the atmo-
sphere.

¢ During nitrification, 2H* ions are produced
for every NH,* ion that is oxidized. These H*
cations will accumulate and significantly re-
duce soil pH; thus, any ammonium-containing
fertilizer will ultimately decrease soil pH due
to nitrification. This acidity can be managed
through a well-planned liming program.

Note: The proper way to express NO,~ concentrations
is as NO; N or as elemental N. Use the following con-
versions, which are based on molecular weight:

To convert NO;™N to NO;™: NO;™N x4.4 = NO5~
To convert NO;™ to NO;"N: NO5™x0.23 = NO; N
Phosphorus

The phosphorus cycle

Soil P originates primarily from the weathering of soil
minerals such as apatite and from P additions in the
form of fertilizers, plant residues, agricultural wastes,
or biosolids (fig. 503-13). Orthophosphate ions (HPO,~
2 and H,PO,7) are produced when apatite breaks
down, organic residues are decomposed, or fertilizer
P sources dissolve. These forms of P are taken up by
plant roots and are present at very low concentrations
in the soil solution.

Many soils contain large amounts of P (800-1600 1b
P/a), but most of that P is unavailable to plants. The
type of P-bearing minerals that form in soil is highly
dependent on soil pH. Soluble P, regardless of the
source, reacts very strongly with Fe and Al to form
insoluble Fe and Al phosphates in acid soils and with
calcium to form insoluble calcium phosphates in
alkaline soils. Phosphorus in these insoluble forms is
not readily available for plant growth and is said to be
fixed.

Phosphorus availability and mobility
Phosphorus is a primary nutrient and plant roots take
up P in the forms of HPO 4‘2 and H,PO,~. The predomi-
nant ionic form of P present in the soil solution is pH
dependent. In soils with pH values greater than 7.2, the
HPO 4‘2 form is predominant, while in soils with a pH
between 5.0 and 7.2, the H2PO,~ form predominates.

Phosphorus has limited mobility in most soils because
P reacts strongly with many elements, compounds,
and the surfaces of clay minerals. The release of soil
P to plant roots and its potential movement to surface
waters is controlled by several chemical and biologi-
cal processes (fig. 503—13). Phosphorus is released

to the soil solution as P-bearing minerals dissolve, as
P bound to the surface of soil minerals is uncoupled
or desorbed, and as soil organic matter decomposes
or mineralizes (fig. 503-14). Most of the P added as
fertilizer and organic sources is rapidly bound by soil
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minerals in chemical forms that are not subject to
rapid release; thus, soil solution P concentrations are
typically very low. Soluble P in the soil solution of
most agricultural soils ranges from <0.01 to 1 parts per
million; thus, an entire acre-furrow slice of soil gener-
ally contains less than 0.4 pounds of P in solution at
any one time. As illustrated, supplying adequate P to a
plant depends on the soil’s ability to replenish the soil
solution throughout a growing season.

Phosphorus availability and mobility is influenced by
several factors:

e FEffect of soil pH—In acid soils, P precipitates
as relatively insoluble Fe and Al phosphate
minerals. In neutral and calcareous soils, P

precipitates as relatively insoluble calcium
phosphate minerals. As illustrated in figures
503-14 and 503-15. Phosphorus content of the
soil solution, soil P, is most available in the pH
range of 5.5 to 6.8, which is where soluble Al
and Fe are low.

e Movement of soil P to plant roots—Phosphorus
moves from soil solids to plant roots through
the process of diffusion. Diffusion is a slow and
short-range process with distances as small as
0.25 inches. This limited movement has impor-
tant implications since soil P located more than
0.25 inches from a plant root will never reach
the root surface. Dry soils reduce the diffusion
of P to roots; therefore, plants take up P best in
moist soils.

Figure 503-13
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e Fertilizer P recovery—A crop uses only 10 to
30 percent of the P fertilizer applied during the
first year following application. The rest goes
into reserve and may be used by later crops.
Many growers have built up large reserves of
soil P.

e Timing and placement of P fertilizer—Although
most agricultural soils are naturally low in
available P, many years of intensive P fertiliza-
tion, the application of organic P sources, or
both, has resulted in many soils that now test
high in available P. On these soils, broadcast P
applications are not very efficient. Low rates of
P in starter fertilizers placed with or near the
seed are potentially beneficial on high-P soils
when the crop is stressed by cold conditions.
Newly-planted crops need a highly available
P source in order to establish a vigorous root
system early in the season, but once the root
system begins to explore the entire soil volume,
there should be adequate amounts of plant
available P to maintain crop growth.

Phosphorus transport to surface waters
Transport of soil P occurs primarily via surface flow
(runoff and erosion). Although leaching and subsur-
face lateral flow should also be considered in soils
with high degrees of P saturation and artificial drain-

age systems. Water flowing across the soil surface can
dissolve and transport soluble P, or erode and trans-
port particulate P, out of a field. Virtually all soluble P
transported by surface runoff is biologically available,
but particulate P that enters streams and other surface
waters must undergo solubilization before becoming
available for aquatic plants. Thus, both soluble and
sediment bound P are potential pollutants of surface
waters and both can contribute to excessive growth of
aquatic organisms, which can have detrimental envi-
ronmental impacts.

Soils have a finite capacity to bind P. When a soil be-
comes saturated with P, desorption of soluble P can be
accelerated, with a consequent increase in dissolved
inorganic P in runoff. Thus, if the level of residual soil
P is allowed to build up by repeated applications of P
in excess of crop needs, a soil can become saturated
with P and the potential for soluble P losses in surface
runoff will increase significantly. Recent research
shows that the potential loss of soluble P will increase
with increasing levels of soil test P. Very high levels of
soil test P can result from over-application of manure,
biosolids, or commercial phosphate fertilizer. Soils
with these high soil test P levels will require several
years of continuous cropping without P additions to
effectively reduce these high P levels.

Figure 503-14
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Potassium Potassium availability and mobility
¢ Plant-available K—Although mineral K ac-
The K cycle counts for 90 to 98 percent of the total soil K,

Potassium (K) is the third primary plant nutrient and
is absorbed by plants in larger amounts than any other
nutrient except N. Plants take up K as the monovalent
cation K+. Potassium is present in relatively large
quantities in most soils, but only a small percentage of
the total soil K is readily available for plant uptake.

In the soil, weathering releases K from a number of
common minerals including feldspars and micas. The
released K* can be taken up easily by plant roots,
adsorbed by the cation exchange complex of clay and
organic matter, or fixed in the internal structure of cer-
tain 2:1 clay minerals. Potassium that is fixed by these
clay minerals is very slowly available to the plant. The
various forms of K in the soil are illustrated in figure
503-16.

readily and slowly available K represent only

1 to 10 percent of the total soil K. Plant avail-
able K (K that can be readily absorbed by plant
roots) includes the portion of the soil K that is
soluble in the soil solution and exchangeable K
held on the exchange complex.

Exchangeable K—that portion of soil K which is
in equilibrium with K in the soil solution:

Exchangeable K < Solution K

e Kis continuously made available for plant
uptake through the cation exchange process.
There can be a continuous, but slow, transfer
of K from soil minerals to exchangeable and
slowly available forms as K are removed from
the soil solution by crop uptake and leaching.

Figure 503-16
|

The potassium cycle

Crop
harvest ‘\

Mineral
fertilizers

Soil soultion
g +
potassium (K*) \

«—

~

Leaching

Component

- A

L,

The K cycle (modified from the International Plant Nutrition Institute Web site at www.ppi-ppic.org)

Input to soil Loss from soil

Animal
Plant manures
residues and biosolids

r—'>

Runoff and
erosion

Exchangable
potassium

Fixed

Mineral | _..--- ¥\ potassium
potassium

(190-V-NAM, 4th Ed, February 2011) 503-33



Part 503 Crop Production

National
Agronomy
Manual

e Effect of K fertilization on soil K forms—Potas-
sium applied as fertilizer can have various fates
in the soil:

— potassium cations can be attracted to the
cation exchange complex where it is held
in an exchangeable form and readily avail-
able for plant uptake

— some of the K* ions will remain in the soil
solution

— exchangeable and soluble K may be ab-
sorbed by plants

— in some soils, some K may be fixed by the
clay fraction

— applied K may leach from sandy soils dur-
ing periods of heavy rainfall

e Movement of K in the soil—Potassium moves
more readily in soil than P, but less readily than
N. Since K is held by cation exchange, it is less
mobile in fine-textured soils and most readily
leached from sandy soils. Most plant uptake of
soil K occurs by diffusion.

Timing and placement of K fertilizer

Potassium fertilizers are completely water-soluble and
have a high salt index; thus, they can decrease seed
germination and plant survival when placed too close
to seed or transplants. The risk of fertilizer injury is
most severe on sandy soils, under dry conditions, and
with high rates of fertilization. Placement of the fertil-
izer in a band approximately three inches to the side
and two inches below the seed is an effective method
of preventing fertilizer injury. Row placement of K
fertilizer is generally more efficient than broadcast
applications when the rate of application is low or soil
levels of K are low.

A convenient and usually effective method of applying
K fertilizers is by broadcasting and mixing with the
soil before planting. Fertilizer injury is minimized by
this method but, on sandy soils, some K may be lost by
leaching.

Split application of K fertilizer on long-season crops
such as alfalfa or grass crops that are harvested
several times during the growing season is often
recommended. Luxury consumption is a term used
to describe the tendency of plants to take up K far
in excess of their needs if sufficiently large quanti-
ties of available K are present in the soil. The excess
K absorbed does not increase crop yields to any

extent. Split application of K can minimize luxury
consumption and provide adequate available K dur-
ing the latter part of the growing season.

Secondary plant nutrients

Introduction

Secondary macronutrients, which include calcium
(Ca), magnesium (Mg), and sulfur (S), are required in
relatively large amounts for good crop growth. These
nutrients are usually applied as soil amendments or
applied along with materials which contain primary
nutrients. Many crops contain as much or more S
and Mg as P, but in some plants Ca requirements are
greater than those for P. Secondary nutrients are as
important to plant nutrition as major nutrients since
deficiencies of secondary nutrients can depress plant
growth as much as major plant nutrient deficiencies.

Calcium and magnesium

e Behavior of Ca and Mg in the soil—Calcium
and Mg have similar chemical properties and
thus behave very similarly in the soil. Both of
these elements are cations (Ca2+, Mg2+), and
both cations have the same amount of positive
charge and a similar ionic radius. The mobility
of both Ca and Mg is relatively low, especially
compared to anions or to other cations such
as Na and K; thus, losses of these cations via
leaching are relatively low.

e Soil Ca—Total Ca content of soils can range
from 0.1 percent in highly weathered tropical
soils to 30 percent in calcareous soils. Calcium
is part of the structure of several minerals and
most soil Ca comes from the weathering of
common minerals, which include dolomite,
calcite, apatite, and calcium feldspars. Cal-
cium is present in the soil solution and since
it is a divalent cation, its behavior is governed
by cation exchange as are the other cations.
Exchangeable Ca is held on the negatively
charged surfaces of clay and organic matter.
Calcium is the dominant cation on the cation
exchange complex in soils with moderate pH
levels. Normally, it occupies 70 to 90 percent of
cation exchange sites above pH 6.0.

e Soil Mg—Total soil Mg content can range from
0.1 percent in coarse, humid-region soils to 4
percent in soils formed from high-Mg minerals.
Magnesium occurs naturally in soils from the
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weathering of rocks with Mg-containing miner-
als such as biotite, hornblende, dolomite, and
chlorite. Magnesium is found in the soil solu-
tion and, since it is a divalent cation (Mg2+),

its behavior is governed by cation exchange.
Magnesium is held less tightly than Ca by cat-
ion exchange sites, so it is more easily leached,;
thus, soils usually contain less Mg than Ca. In
the Mid-Atlantic region, Mg deficiencies occur
most often on acid and coarse-textured soils.

Sulfur

e Forms of sulfur and the sulfur cycle—Most

crops need less sulfur (S) relative to the other
macronutrients. The S cycle for the soil-plan-
tatmosphere system is very similar to nitrogen
and is illustrated in figure 503-17. Soil S is
present in both inorganic and organic forms.

Most of the sulfur in soils comes from the
weathering of sulfate minerals such as gypsum,
however, approximately 90 percent of the total
sulfur in the surface layers of non-calcareous
soils is immobilized in organic matter. Inorgan-
ic S is generally present in the sulfate (SO 42‘)
form, which is the form of sulfur absorbed
by plant roots. Both soluble SO 42‘ in the soil
solution and adsorbed SO 42‘ represent readily
plant available S. Elemental S is a good source
of sulfur, but it must first undergo biological
oxidation to SO 42‘, driven by Thiobacillus thio-
oxidans bacteria, before it can be assimilated
by plants. This oxidation can contribute to soil
acidity by producing sulfuric acid through the
reaction:

25+30, +2H,0 — 2H,S0,

Figure 503-17
—

The sulfur cycle
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o Sulfur-containing fertilizers and soil acid-
1ty—Several fertilizer materials contain the
SO,% form of S including gypsum (CaSO,),
potassium sulfate (K,SO,), magnesium sulfate
(MgSO,), and potassium magnesium sulfate (K-
Mag, or Sul-Po-Mag). These fertilizer sources
are neutral salts and will have little or no effect
on soil pH. In contrast, there are other SO 42‘
containing compounds including ammonium
sulfate ((NH,),SO,), aluminum sulfate ((Al-
550,)3) and iron sulfate (FeSO,) that contribute
greatly to soil acidity. The SO 42‘ in these ma-
terials is not the source of acidity. Ammonium
sulfate has a strong acidic reaction primarily
because of the nitrification of NH,*, and Al and
Fe sulfates are very acidic due to the hydrolysis
of AI>* and Fe?*.

e Movement of sulfur—Sulfate, a divalent anion
(SO 42‘) is not strongly adsorbed and can be
readily leached from most soils. In highly-
weathered, naturally acidic soils, SO 42‘ often
accumulates in subsurface soil horizons, where
positively charged colloids attract the negative-
ly charged SO, ion. Residual soil SO,?~ result-
ing from long-term applications of S containing
fertilizers can meet the S requirements of crops
for years after applications have ceased.

e Crop responses to sulfur—Sulfur deficien-
cies are becoming more common in some
areas since both S supplied by pollution and
fertilizer-derived S have been reduced in recent
years. Acid rain supplies some sulfur due to
the emission of SO? during the burning of fos-
sil fuels, but lowered emissions have reduced
the amount of S supplied to soil in rainfall.
Commercial fertilizers previously contained
significant amounts of S (i.e. normal superphos-
phate). With the adoption of high analysis fertil-
izers such as urea, triple superphosphate, and
ammonium phosphates, which contain little or
no S, application of this important plant nutri-
ent has been reduced.

Micronutrients

Introduction

Eight of the essential elements for plant growth are
called micronutrients or trace elements: B, Cl, Cu, Fe,
Mn, Mo, Ni, and Zn. Cobalt (Co) has not been proven
to be essential for higher plant growth, but nodulating

bacteria need Co for fixing atmospheric nitrogen in
legumes.

Micronutrients are not needed in large quantities, but
they are as important to plant nutrition and develop-
ment as the primary and secondary nutrients. A de-
ficiency of any one of the micronutrients in the soil
can limit plant growth, even when all other essential
nutrients are present in adequate amounts.

Determining micronutrient needs

The need for micronutrients has been known for many
years, but their wide use in fertilizers has not always
been a common practice. Increased emphasis on
micronutrient fertility has resulted from a number of
factors, including:

e (Crop yields—Increasing per-acre crop yields
remove increasing amounts of micronutrients.
As greater quantities of micronutrients are re-
moved from the soil, some soils cannot release
adequate amounts of micronutrients to meet
today’s high-yield crop demands.

e Fertilizer technology—Today’s production pro-
cesses for high-analysis fertilizers remove im-
purities much better than older manufacturing
processes so micronutrients are not commonly
provided as incidental ingredients in fertilizers.

Micronutrient fertilization should be treated as any
other production input. A micronutrient deficiency, if
suspected, can be identified through soil tests, plant
analysis, or local field demonstrations. One should
develop the habit of closely observing the growing
crop for potential problem areas. Field diagnosis is
one of the most effective tools available in production
management.

Forms in the soil
Micronutrients can exist in several different forms in soil:
e within structures of primary and secondary

minerals

e adsorbed to mineral and organic matter sur-
faces

® incorporated in organic matter and microorgan-
isms

e in the soil solution
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Many micronutrients combine with organic molecules
in the soil to form complex molecules called chelates.
A chelate is a metal atom surrounded by a large or-
ganic molecule.

Micronutrient soil-plant relationships

Plant roots absorb soluble forms of micronutrients
from the soil solution. Soils vary in micronutrient con-
tent, and they usually contain lower amounts of micro-
nutrients than primary and secondary nutrients. Total
soil content of a micronutrient does not indicate the
amount available for plant growth during a single grow-
ing season although it does indicate relative abundance
and potential supplying power. Availability decreases
as pH increases for all micronutrients except Mo and
ClL. Specific soil-plant relationships for B, Cu, Fe, Mn,
Mo, Zn, and Cl are described in the next sections.

Boron
e Soil boron—Boron exists in minerals, adsorbed
on the surfaces of clay and oxides, combined in
soil organic matter, and in the soil solution. Or-
ganic matter is the most important potentially
plant-available soil source of B.

— Factors affecting plant-available B:
Soil moisture and weather—Boron de-
ficiency is often associated with dry or
cold weather, which slows organic matter
decomposition. Symptoms may disappear
as soon as the surface soil receives rainfall
or soil temperatures increase and root
growth continues, but yield potential is
often reduced.

e Soil pH—Plant availability of B is maximum
between pH 5.0 and 7.0. Boron availability de-
creases with increasing soil pH; thus, B uptake
is reduced at high pH.

e Soil texture—Coarse-textured (sandy) soils,
which are composed largely of quartz, are
typically low in minerals that contain B. Plants
growing on such soils commonly show B defi-
ciencies. Boron is mobile in the soil and is sub-
ject to leaching. Leaching is of greater concern
on sandy soils and in areas of high rainfall.

e Crop needs and potential toxicity—Crops
vary widely in their need for and tolerance to
B; however, B should be applied judiciously
because the difference between deficient and
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toxic amounts is narrower than for any other
essential nutrient. This is especially important
in a rotation involving crops with different
sensitivities to B.

e Rates of boron fertilization—Recommended
rates of B fertilization depend on such factors
as soil test levels, plant tissue concentrations,
plant species, cultural practices (including crop
rotation), weather conditions, soil organic mat-
ter, and the method of application. Depending
on the crop and method of application, recom-
mended rates of application generally range
from 0.5 to 3 pounds per acre.

Copper

e Soil copper—In mineral soils, Cu concentra-
tions in the soil solution are controlled primar-
ily by soil pH and the amount of Cu adsorbed
on clay and soil organic matter. A majority of
the soluble Cu,™" in surface soils is complexed
with organic matter, and Cu is more strongly
bound to soil organic matter than any of the
other micronutrients.

e Copper deficiencies—Organic soils are most
likely to be deficient in Cu. Such soils usually
contain plenty of Cu, but hold it so tightly that
only small amounts are available to the crop.
Sandy soils with low organic matter content
may also become deficient in Cu because of
leaching losses. Heavy, clay-type soils are least
likely to be Cu deficient. The concentrations of
Fe, Mn, and Al in soil affect the availability of
Cu for plant growth, regardless of soil type.

e Copper toxicity—Like most other micronutri-
ents, large quantities of Cu can be toxic to plants.
Excessive amounts of Cu depress Fe activity and
may cause Fe deficiency symptoms to appear in
plants. Such toxicities are not common.

Iron

e Soil iron—TIron is the fourth most abundant
element, with total Fe ranging from 0.7 to 55
percent. Solubility of Fe is very low and is
highly pH-dependent. Iron solubility decreases
with increasing soil pH. Iron can react with
organic compounds to form chelates or Fe-
organic complexes.

e [Jron deficiencies—Iron deficiency may be
caused by an imbalance with other metals such
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as Mo, Cu, or Mn. Other factors that may trig-
ger Fe deficiency include:

— excessive P in the soil
— acombination of high pH, high lime, wet,
cold soils, and high bicarbonate levels

e Plant genetic differences—Plant species can
differ significantly in their ability to take up
Fe. Iron-efficient varieties should be selected
where Fe deficiencies are likely to occur. Roots
of Fe-efficient plants can improve Iron avail-
ability and uptake by secretion of H, organic
acids and organic chelating compounds low
soil organic matter levels

Reducing soil pH in a narrow band in the root zone
can correct Fe deficiencies. Several S products will
lower soil pH and convert insoluble soil Fe to a form
the plant can use.

Manganese

e Soil manganese—Availability of Mn to plants
is determined by the equilibrium among solu-
tion, exchangeable, organic, and mineral forms
of soil Mn. Chemical reactions affecting Mn
solubility include oxidation-reduction and
complexation with soil organic matter. Redox
or oxidation-reduction reactions depend on soil
moisture, aeration and microbial activity.

e Manganese deficiencies—Manganese solubility
decreases with increasing soil pH:

— Manganese deficiencies occur most often
on high organic matter soils and on those
soils with neutral-to-alkaline pH that are
naturally low in Mn.

— Manganese deficiencies may result from an
antagonism with other nutrients such as
Ca, Mg, and Fe.

— Soil moisture also affects Mn availability.
Excess moisture in organic soils favors Mn
availability because reducing conditions
convert Mn** to Mn2+, which is plant avail-
able.

— Manganese deficiency is often observed on
sandy Coastal Plain soils under dry condi-
tions that have previously been wet.

— Several plant species have shown differ-
ences in sensitivity to Mn deficiencies.

Molybdenum
e Soil molybdenum—Molybdenum is found in

soil minerals, as exchangeable Mo on the sur-
faces of Fe/Al oxides, and bound soil organic
matter. Adsorbed and soluble Mo is an anion

(MoO,)).

o Molybdenum deficiencies—Molybdenum be-

comes more available as soil pH increases

— Deficiencies are more likely to occur on
acid soils. Since Mo becomes more avail-
able with increasing pH, liming will correct
a deficiency if the soil contains enough of
the nutrient.

— Sandy soils are deficient more often than
finer-textured soils.

— Soils high in Fe/Al oxides tend to be low in
available Mo because Mo is strongly ad-
sorbed to the surfaces of Fe/Al oxides.

— Heavy P applications increase Mo uptake
by plants, while heavy S applications de-
crease Mo uptake.

— Crops vary in their sensitivity to low Mo
and Mo-efficient/Mo-inefficient varieties
have been identified for some plants spe-
cies.

e Soil zinc—The various forms of soil Zn include

soil minerals, organic matter, adsorbed Zn on
the surfaces of organic matter and clay, and
dissolved Zn in the soil solution. Zinc released
from soil minerals during weathering can be
adsorbed onto the CEC, incorporated into soil
organic matter, or react with organic com-
pounds to form soluble complexes. Organically
complexed or chelated, Zn is important for the
movement of Zn to plant roots. Soils can con-
tain from a few to several hundred pounds of
Zn per acre. Fine-textured soils usually contain
more Zn than sandy soils.

Factors affecting plant-available Zn—The
total Zn content of a soil does not indicate how
much Zn is available. The following factors
determine its availability:

— Zinc becomes less available as soil pH in-
creases. Coarse-textured soils limed above
pH 6.0 are particularly prone to develop Zn
deficiency. Soluble Zn concentrations in
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the soil can decrease three-fold for every
PH unit increase between 5.0 and 7.0.

— Zinc deficiency may occur in some plant
species on soils with very high P availabil-
ity and marginal Zn concentrations due to
Zn-P antagonisms. Soil pH further compli-
cates Zn-P interactions.

— Zinc forms stable complexes with soil
organic matter. A significant portion of
soil Zn may be fixed in the organic fraction
of high organic matter soils. It may also
be temporarily immobilized in the bodies
of soil microorganisms, especially when
animal manures are added to the soil.

— At the opposite extreme, much of a min-
eral soil’s available Zn is associated with
organic matter. Low organic matter levels
in mineral soils are frequently indicative of
low Zn availability.

— Zinc deficiencies tend to occur early in the
growing season when soils are cold and
wet due to slow root growth. Plants some-
times appear to outgrow this deficiency,
but yield potential may have already been
reduced.

— Zinc availability is affected by the presence
of certain soil fungi, called mycorrhizae,
which form symbiotic relationships with
plant roots. Removal of surface soil in land
leveling may remove the beneficial fungi
and limit plants’ ability to absorb Zn.

— Susceptibility to Zn deficiency is both spe-
cies and variety dependent. For example,
corn, beans, and fruit trees have a high
sensitivity to Zn deficiency.

Chlorine

e Soil chlorine—In soils, chlorine is found in the
form of chloride (Cl-), a soluble anion which is
contained in negligible amounts in the mineral,
adsorbed and organic soil fractions. Chloride
has a high mobility in soils, which enables it
to undergo extensive leaching when rainfall or
irrigation exceeds evapotranspiration.

e Chloride fertilization—About 60 pounds per
acre of Cl- per surface 2 feet of soil seems to
be adequate for top yields of small grains. This
amount can be provided by fertilizer or the soil.
The most practical source is potassium chlo-
ride (KCI), or muriate of potash, which con-

tains about 47 percent Cl. Preplant, at seeding,
and top-dressed applications have all been ef-
fective. Higher rates should be applied preplant
or by topdressing. Since Cl- is highly mobile in
the soil, it should be managed accordingly.

Saline and sodic soils

In saline soils, the salinity does not affect the physical
properties of soil, but it is harmful because elevated
soluble salts in the soil solution reduce the availability
of soil water to plants. As soils dry out due to evapo-
transpiration, the soil water becomes more saline and
less available to plants. Saline soils normally have a
pH value below 8.5 and have good physical properties.
The electrical conductivity (EC) of the soils is general-
ly greater than 4.0 dS/m and the exchangeable sodium
percentage (ESP) less than 15. Reclamation of these
soils can be accomplished by leaching with high-qual-
ity irrigation water. Chemical amendments are usually
not needed. Successful reclamation requires adequate
drainage, irrigation water management, and use of the
correct amount of water. States should follow their
leaching index.

Sodic soils have an exchangeable sodium percentage
that is high enough to cause a deleterious change in
soil flocculation (i.e. a deterioration in soil aggrega-
tion). In extreme cases, sodium ions disperse the
mineral colloids, which then form a tight soil struc-
ture. This structure slows the infiltration/percolation
of water. Irrigation waters containing high amounts
of sodium salts versus calcium and/or magnesium
salts can create a build-up of exchangeable sodium

in the soil. Sodic soils have an EC less than 4.0 dS/m
and an ESP greater than 15. Sodic soils normally have
a pH greater than 8.5. At very high pH values (>8.5),
plant-available P and boron actually increase due to
the influence of soluble sodium. On non-calcareous
soils, gypsum or other soluble calcium salts must be
applied. Another approach sometimes used is to apply
elemental S with a liming material, thereby forming
gypsum in the soil. On calcareous soils, treatment
may be with acidifying materials that dissolve native
calcium, with gypsum, or with a combination of both.
Soluble calcium replaces sodium on the clay surface
and improves physical properties that allows sodium
and excess salts to be leached. Organic materials such
as crop residues, manure, and compost may be help-
ful in providing more soil porosity and better physical
condition for leaching.
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Saline-sodic soils contain large amounts of soluble
salts and a high percentage of exchangeable sodium.
These soils have an EC above 4.0 dS/m and an ESP
greater than 15. They are similar to saline soils in ap-
pearance and character except that the soluble salts
are leached out by artifical drainage. After leaching
the soluble salts, the soils become sodic and degrade
in quality (i.e., develop poor soil structure). Thus, they
require an amendment before commencing leaching.
Such amendments are elemental sulfur, sulfuric acid,
aluminum sulfate, and ferric and ferrous sulfate. Good
drainage and leaching are required to remove the
sodium. States should follow their leaching index and
land grant university recommendations for the most
effective and economical amendments.

An additional reference available for diagnosing and
managing saline and sodic soils Waskom et al. 2006
(hittp:/www.ext.colostate.edu/pubs/crops/00521. himl).

503.23 Sources and forms of nutrients
Commercial fertilizers

Introduction

Plants require optimal amounts of available nutrients
for normal growth. These nutrients can come from sev-
eral sources, including soil organic matter, native soil
minerals, organic materials that are added to the soil
(e.g., animal manures), air (e.g., legumes), and com-
mercial fertilizers. When a soil is not capable of supply-
ing enough nutrients to meet crop/plant requirements,
commercial fertilizers can be added to supply the
needed nutrients. There are numerous types of fertil-
izers that can be used to supply primary, secondary, or
micronutrients. This chapter will provide an overview
of the key issues related to commercial fertilizers.

Before using any fertilizers, it is important to under-
stand how to read a fertilizer label. All fertilizers are
labeled as percent N, percent P,O;, and percent K,O.
For example, a fertilizer labeled as a 15-5-10 means
that the product contains 15 percent N, 5 percent P,O
and 10 percent K,O by weight.

5

Nitrogen fertilizers

Introduction

Inorganic nitrogen fertilizers are produced by fixing
nitrogen from the atmosphere. Natural gas is used as
the energy source and is a major component of the
cost of nitrogen fertilizers. The following section lists
the primary nitrogen materials used by the fertilizer
industry and describes some of the key characteristics
of each product.

Urea [CO(NH,),]:
e Fertilizer grade: 46-0-0

e Soluble, readily available source of N
® Dry fertilizer product

* Produced by reacting ammonia (NH;) with
carbon dioxide under pressure at an elevated
temperature

e Contains the highest percentage of nitrogen of
all dry fertilizers

e Applying too much near germinating seeds can
kill seedlings due to NH; release

e Rapid hydrolysis to ammonium carbonate can
cause significant nitrogen losses as NH, gas
through volatilization when urea is applied to
the surface of soil and is not incorporated

CO(NH,), +H,0 = 2(NH, )(gas)+CO,

2
e Incorporation or injection into the soil is im-
portant to avoid volatilization losses as NH; gas
e Rainfall or irrigation (0.5 inches or more) will
prevent NH, volatilization
Ammonium nitrate (NH,NO,):
e Fertilizer grade: 34-0-0
e Soluble, readily available source of N
® Dry fertilizer product

e 50 percent of the nitrogen is present as ammo-
nium (NH, ")

e 50 percent of the nitrogen is present as nitrate
(NO;7), which is the form susceptible to leach-
ing and denitrification losses

* NH; volatilization is not an issue unless applied
to high pH soils (i.e., >7.5)
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Strong oxidizer that can react violently with
other incompatible materials

Should be stored properly to prevent risk of
explosion

Natural affinity to absorb moisture limits bulk
storage during summer

Ammonium sulfate [(NH,),SO,]:

Fertilizer grade: 21-0-0-24S
Contains 24 percent sulfur

Soluble, readily available source of nitrogen
and S

21-0-0 is dry fertilizer product

NH, volatilization is not an issue unless applied
to high pH soils (i.e., >7.5)

Also marketed in a liquid form as 8-0-0-9S

Density of 8-0-0-9 is 10.14 pounds per gallon
at 60 °F; salting out temperature is 15 °F

Non-pressure nitrogen solutions:

Fertilizer grade: ranges from 28-0-0 to 32-0-0
Soluble, readily available source of N

Liquid fertilizer product that does not require
pressure for storage

Usually referred to as urea and ammonium
nitrate (UAN)

Works well as herbicide carrier

Prepared by dissolving urea and ammonium
nitrate in water

NH, volatilization is an issue for the urea por-
tion of this fertilizer

Density and salting out:

— Density of 28-0-0 is 10.65 pounds per gal-
lon at 60 °F; salting out temperature is 1 °F

— Density of 30-0-0 is 10.84 pounds per gal-
lon at 60 °F; salting out temperature is 14 °F

— Density of 32-0-0 is 11.06 pounds per gal-
lon at 0 °F; salting out temperature is 28 °F
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Aqua ammonia (NH,OH):

Fertilizer grade: 20-0-0 (most common)

Density of 20-0-0 is 7.60 pounds per gallon at
60 °F

Produced by dissolving NH, gas in water

Liquid product that must be kept under pres-
sure to prevent free NH; losses

Must be injected into the soil to prevent NH3
losses

Anhydrous ammonia (NHy):

Fertilizer grade: 82-0-0

Fertilizer with the highest analysis of N
Stored as a liquid under press