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SRREFACES

This fifth edition of Sed Science and Management continues the primary
objectives of earlier editions, with the following three main purposes: (1) To
acquaint the reader with the soil and water resources of the United States, wo
enable a full appreciation of the imponance of these resources; (2) To present
s0il science theory tied to the practice of those that use the soil; and (3) To stress
the sustainable management of s0il and water resources by devoting detil o
such subjects as soil and water conservation, conservation tillage, nutrient man-
agement, Best Management Practices, and sustainable agriculture.

In this edition, I might elevate to a fourth primary objective—the treatment
of soil in nature, with increased coverage of soils in natural ecosystems. Since
the last edition, consequences of global climate change have become more
pronounced, so [ have devoted much more ink to the relationship between
soils and climate, and the effect changed climate will have on soils. These wop-
icas were introcduced in the last edition and are expanded upon here.

I have made numerous refinements in this fifth edition, and few pages are
unchanged. References o soil quality and Best Management Practices are more
numerous and erap up in many places. Examples of larger changes include
more detailed descriptions of the soil orders, introduction of the concept of
Agricultural Drainage Management, more detailed coverage of micronutrients,
the likely effect of climate change on soil erosion, and a more detailed discus-
sion of erosion and stormwater management in urban areas. 1 deailed lime
calculations in much greater depth. Some topics have shrunk o make room
for other material. Often, this includes matters that properly belong in other
texts, like how 1o plant a wree, range management, and home composting. The
instructor's guide cetails more of these changes.

The reader will immediately note the most obvious change: most black
and white images have been replaced by color images. This makes the vext
visually more interesting, but also in many cases, color impans useful informa-
tion. In this edition, color images have been added of some soil orders and
nutrient deficiency or toxicity symptoms. I also tried to include images from
more places and of more crops. In another change in presentation, more of
the review questions require solving mathematical problems.

In the "Enrichment Activities™ at the end of the chapters, some old or
defunct Web sites have been deleted, and [ have added some new sites of
interest that I encountered while preparing this edition. The author and Delmar
affirm that the Web site URLs referenced herein were accurate at the time of
printing. However, due to the fuid nature of the Internet, we cannot guarntee
their accuracy for the life of the edition,

A eouple of final notes about the photographs in this edition: Photographs
that have no attribution are those taken by the author, and wherever possible,

the state or city of origin has been noted, ElE
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The Importance
of Soil

3JECTIVES

Aftar completing this chapter, you should be able to:
- summarize ecological functions of soil and its rale in recycling resources
needed for plant growth
- describe four ways plants use soil
- explain how soil is a three-phase system
- list and explain some agricultural and engineering uses of soil
« dizcuss the concept of soil quality
- describe briefly the role of soll in climate change

Life and human civilization depend on the planet’s limited soil and water
resources. We have ample historical proof. Most early civilizations in the
Old World grew and thrived on the rich soil and waters of major river
flocdplains. Early Chinese culture, for instance, began to develop 6,000 1o
7,000 years ago on foodplains of the Yellow River, where periodic flood-
ing deposited fresh sail for agriculture and canals could carry river water
e fields for irrigation. Similarly, farming began to flourish some 10,000
vears ago in the Mideast along mapor rivers,

The famous Greek historian Herodotus left us his notes about the de-
pendence of Egypt on soil supplicd by flooding of the Nile, In 340 B.CE.,
in The History of Herodoties, he observed that biack, crumbly, silty river
deposits were easy to work and productive—these soils could produce
plentiful food with less toil. These soils, he noted, were the foundation for
Egyptian civilization.

Morth America oo depends on its soil and water, and our history was
influenced by its soils, Part of its success stands on rich seil and water re-
sources; those of the United States are described later in this chapter and
throughout the text. But we have often not been wise in their use. The
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A Drust Bowd “rofler” moves across
a Colorade landscape. carrying
off s0dl and damaging everything
inits path. (Courtesy of LUSDA)

Dust Bowl of the 19305, caused by drought, soil misuse, and widespread wind erosion,
drove farmers out of several middle plains states. At its peak, severe wind crosion dam-
aged some 150,000 square miles of prairie farmland (Figure 1-1). Photographs from
that era create striking and poignant images of people driven off their land by the de-
struction of the Dust Bowl and scattered to new lives elsewhere (Figurne 1=2).

Soil and water resource problems also cross national borders, sometimes in ways
hard 1o imagine. For instance, North and South America and Europe receive dust Blown
over the Atlantic Ocean from desert lands of Africa. As soils of Africa degrade, that
movement of dust has been increasing, and it contains not only soil particles, but also
spores of plant diseases, chemicals such as arsenic and pesticides, and even insects.
More obviously, shortages of soil and water resources cause conflicts and migration
of refugees,

In the future, soil will become even more crucial. World population doubles every
A0 years, vet only about 7 percent of the earth’s surface is suitable for agriculture, OF that
land, some is being lost to degradation and urbanization, It cannot easily be replaced:
20l 15 a nonrenewable resource within the time frame of a human generation.

Many experts have noted that part of the chythm of human history is the rise and fall
af cultures founded on the use, abuse, and final exhaustion of soil and water resources.
Some once-productive land of the ancient Fertile Crescent, in modern-day Irag, now
lics barren because of salts built up from centuries of irrigation from the Tigeis and
Euphrates rivers, But this is not simply a problem of the past, but of today.

Human society, indeed, most life is possible only because earth’s crust is dusted
with a bit of soil where we can grow food, This book is dedicated 1o describing those
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A famous Dorothea Lange phatograph of
a migrant worker In California displaced by
the Dust Bowl. (Courtesy of USDA)

soil and water resowrces and how we can use them wisely, We begin here by looking
at soil's ecolozical functions in supporting life on the planet, its role as a medium for
plant growth, and its use by humans.

SOIL IS A LIFE-SUPPORTING
LAYER OF MATERIAL

Although we take soil for granted, it is a very thin and often fragile layer of life-
supporting material, The earth, as shown in Figure 1-3, consists of a solid part (core,
mantle, and erust) and the atmosphere surrounding it. The continental crust, made of
rock, is about 50 miles thick, and the atmosphere about 22 miles deep (though there is
no actual measurable edge). Soil forms a very thin interface between the two.

The atmosphere, crust, and soil imeract to provide plants and animals with the re-
sources they need. Living things need proper temperature, oxygen, water, carbon (the
basic element of all living bodies), and other nutrients. These factors are exchanged in
the soil, as shown in Figure 1-4, usually in cycles that allow elements o be recycled
and stored rather than lost. Although later chapters will discuss the cycles in greater
detail, this chaprer previews them briefly.
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Continental
crust

Wantlo

Cross section of the earth
through a continent. Sail is a very
thin lEyér bétween the Smod-
phere and garth’s crust. IF the sofl
wiere drawn (o scabe. it would be
172,000,000 of an inch thick.

Temperature

Flant roots grow best in certain soil temperature ranges. For instance, most plant roots
in temperate climates grow at soil temperatures above 40°F o 50°F. The cool-season
#rasses grown in northern states cease rool growth at soil temperatures above 85°F.
Seed permination also depends on soil temperature; wheat seed, for example, ger-
minates between 40°F and 50°F, while sorghum needs temperatures above 80°F. Soil
temperature, and to some degree the air above the soil, is controlled by a heat-
exchange mechanism.

Pedestrians standing on a tar road on a hot summer day sense how heat is exchanged
as the road both gains and loses heat. Feet in contact with pavement get hot, hecause
the road is absorbing encrgy from the sun. Looking down the road, one sees heat
waves rising from the tar, an effect of the road losing excess heat to the ain Energy is
also radiating away as light in a wavelength that humans cannot see. In the same way,
soil maintains temperatures for growing plants. On a larger seale, this heat exchange
influences air temperature, weather, and even global climate.
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Cyeling and exchange between atmosphere, crust, and soll The soil temperarily stores resources needed for plant growth.

Gases

Plant roots and other soil organisms need oxygen and give off carbon dicxide as they
respire. Some important soil bacteria need nitrogen gas as well. Figure 1-4 shows that
these gases pass into and out of the soil (o maintain proper amounts of each. In this
process of air exchange, soil also acts to filter and purify the earth’s atmosphere.

Water

Water seldom stays in one place long, :llwa}rs being on its way to the next stage af
its cycle. Water evaporates from land, lakes, and oceans and forms clouds in the
atmosphere. Rain falls from the clouds, moistens the soil, and fills streams and lakes,
Most of the water finally reaches the oceans, where evaporation begins the cycle again.
Some water seeps deep into the ground shere it is held as groundwater. When mois-
ture falls on the soil, however, some water is temporarily stored for plant use. In the
process, soil can also purify the water that lands on earth’s surface.

= = The Importance of Soil e
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Carbon

Plant leaves collect sunlight to use the sun's encegy in the process known as
photasynthesis, which involves conwverting mmospheric carbon {carbon dioxide) o bi-
ological carbon (simple sugars). In the process, light energy is converted to chemical
energy usable by plants and creatures that eat plants. Some of the carbon is recycled
directly back to the atmosphere by plam and animal respiration, while other carbon is
recyeled by organic matter decay in the soil, In this process, some carbon is retained
in the soil as organic matter. Soll acts as a vast carbon reserve keeping carbon dioxide
out of the atmasphere, where it would contribute (o the greenhouse effect.

Nutrients
Flant nutrients (chemicals a plant necds to grow) also cycle through the soil. Two kinds
of nutrient cveles are shown in Figure 1-4; the nitrogen cyele and other mineral cveles,

Mitrogen comes entirely from the atmosphere, where it occurs as a gas, a form tha
planis cannot use, Soil organisms comvert gaseous nitrogen o forms that plants can
use. Some nitrogen recycles as once-living material decays in the seil, while water
carries some nitrogen decper into the ground. Some nitrogen returns (o the air whoen
other microbes change it back 1o its original form.

Other nutrients are released from rocks in the earth's crust when the rocks are bro-
ken down by weather, planmis, and other [actors, These nutricnts are continuously re-
used by plants until some return deep into the ground by leaching, get washed into the
ocean, or are removed by cropping,

SOIL IS A MEDIUM FOR
PLANT GROWTH

In the broad view, soil has important ecological functions in recycling resources necded
for plant growth. In the narrow view, an individual plant depends on soil for four
necds: anchorage, water, oxvoen, and nutrients. Let us look at these four needs.

Anchorage

In deep soil, where roots grow freely, plants are firmly supported, or anchored, so they
can grow 1o reach for sunlight. When people grow plants in ways that deprive plants
of soil suppart, artificial support is often required. Growers of hydroponic crops (roots
growing not in soll but in fertilizer solutions) support plants with a wire framework. Land-
scapers may stake or “guy” a newly planted tree until the ree is firmly rooted, though
staking weakens or even damages the trunk and is no longer recommended except in
special cases. Poorly anchored trees can even cause serious safety or cconomic issucs, as
they may topple in windstorms and damage cars, buildings, or even land on people.

Water

Because roots are a plant’s water-absorbing body, soil supplics the water 2 plant uses.
For cach pound of dry matter produced by growth, plants obiain between 200 and
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1,000 pounds of water from the soil for photosynthesis, sap flow, and other uses. It is
obvious that water-holding capacity of a soil is important in its agricultural use,

Oxygen

Except for some microscopic organisms, all iving creatures, including plants, need
oxygen. Plants release oxygen during photosynthesis, but consume it during respi-
ration. The parts of a plant above the ground, suspended in an atmosphere that is
21 percent oxygen (Figure 1-5), have all the oxvgen they need. Underground, plant
roots and soil organisms use up oxygen and give off carbon dioxide. As a result,
soil air has less oxygen and more carbon dioxide than the atmoesphere. The resulting
concentration gradients between soil and atmosphere cause oxygen to diffuse into the
s50il and carbon dioxide to diffuse out.

In the absence of factors that limit it, this process, known as soil aeration, exchanges
so0il and atmospheric air to maintain adequate oxygen for plant roots. Aeration varies
according to soil condition, Saturated, or waterlogged soil, which is completely soaked
with water, is an example of a seil with poor aeration. The oxygen content near the
surface of a well-aerated soil rarely drops below 20 percent, but may approach 0 in a
saturated soil.

Nutrients

Of 17 nutrients usually considered to be needed by most plants, plants obtain 14 from
so0il, Carbon, oxygen, and hydrogen come from air and water; the rest are from the soil.
While leaves are able to absorb some nutrients, roots are specialized for the purpose,
Root hairs absorb plant nutrients dissolved in soil water (called the soil solution) by an
active process that moves nutrients into root cells. The energy that powers this process
is produced by respiration in the roots,

100%
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Figure 1=-5

Soil air and aeration. Most of the
gas in air and soll is nitrogen,
Above the sofl, air is about

21 percent oxygen. In the soll res-
plration of living things replaces
axygen with carbon dicodde.
Agration is the process by which
carbon dioxide and cxygen ane
exchanged,
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SOIL: A THREE-PHASE SYSTEM

How does soil fulfill the four functions described? Any grower knows that soil is
made of solid particles. In most soils, solid particles largely consist of mineral matter
with about 1 percent to 10 percent organic material, Between these solid particles are
open spaces, or voids, which we call pore spaces. This arrangement of solid particles
and pore spaces is called the soil matrix. Commonly, abour half the volume of soil is
solid material and half is pore space, and we consider this a good composition for
plant growth,

Pore space is alwavs filled with some combination of air and water (Figure 1-G),
Chemists call solids, liquids, and gases phases of matter, so we can describe soil as a
three-phase system. A combination of about half air and half warer provides an excel-
lent supply of both for roots, but the actual matio varies dramatically over time, Right
after a heavy rain, pores may be filled almost entirely with water and have almost no
air. As soil dries, air replaces water in the pore spaces, and pores in a very dry soil may
contain almost entirely air and very little water, These soils are oo wet or oo dry for
good plant growth. We generally consider equal amounts of air and water as ideal fos
plant growth.

The amount and composition of soil air varies not only over time, but in space as
well. That is, it varies greatly from spot o spot within the soil matrix. A large pore may
be rich in oxygen, while a small pore a fraction of an inch away contains water and is
devoid of oxyvgen. Those large pores, called macrepores or aeration pores, are largely
responsible for casy movement of air and water in the soil, and for providing space for
air, while smaller micrapores retain water for plant use.

Gcncmll!l.', soil is most rich in oxygen near the 5urfact_r, while deeper layers may be
very low in oxveen, because the stmosphere i3 farther away and pathways for diffusion
are much longer. This, in turn, influences distribution of roots in soil.

!::.gllrl.‘: 1-6

Composition of a typical soll desirable
for plant growth. It contains equal
proportions of solid partiches and pore
space, and air and water occupy about
equal proportions of the pore space.
The proporticns of air and water vary, as
shonwn by the broken line, but ideally are
within the range shown,
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Because roots require oxygen, lack of aeration poses a serious problem for plang
health. Plant growth suffers greatly if air-filled porosity falls below 20 percent, or if 80
percent to 90 percent of pore space fills with water,

Root Growth

Plants need a sufficient volume of quality soil (0 host roots and supply needed
resources. Fipure 1-7 shows two rows of urban trees, The row on the left was planted
in small tree pits surrounded by pavement; the trees are stunted. The row on the right,
planted at the same time, enjoyvs open so0il where roots have room (o grow; the trees

are much lrger and darker Ereen,

From a root’s point of view, it is pores that matter. As roots grow into the soil, they

WY COnDinuols i:lll11' ‘-I:I'.IL':"\ !H.'l“l'!'!'l .‘|-I.|"I.! I"'I

rricles, :||1h-:sr|'|i|11.; water and nutrients
o the sail solution. Root lips easily penetrate pores larger than themselves. Behind
tipy, the diameter of the root increases, pushing aside or deforming the soil

room for itself. Root tips may also enter smaller pores if the root can exert
enough pressure o deforme soil ahead of the tip. If pores are too small or discontinu-
rs. Such condi-

ions can result if soil is severely compressed or compacted; in such soil, roots may

ous, or if soil particles are oo difficult to push aside, root growth sufly

only b able o follow cracks or other channels in the soil,

Water reaches roots in two ways: either water Hlows toward the root, or the root
Brows anio st -\.n1|_ Roals ~.|:|'r{".||:| o contact as much soil as |'§| m\'il:-h._'_ for Erees, I:..'|1'i

cally extending up o three times the spread of the canopy (Figure 1-8). One authority

Figure 1

Strest trees in 5t Paul, Minne-
sota. Thie stunted treas on the
et grow in small tree pits, Sur-
rounded by concrete, while the
larger trées an the right grow in

a turf area with plenty of soil for
roots, The trees are the same age.



Figure 1-8

Flant roots spread far from the
plant seeking water and nutri-
ents (A} Most roots spread kanes-
ally near the soil surface wiherne
the oadygen content is highast.
(B] A few plants, like alfalfa, send
roots deep into the soil.

(€1 Conditions that limit the
spread of roots, hke selid rock
rnear the surface, alio limit
plant growth.
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estimated that a mature oak tree has about 1 million live root tips. Alfalfa roots grow
to a depth of 5 or 6 feet and may go much deeper in loose soils. However, roots do not
grow below the deprth of aemtion, unless they are specially adapted o do 5o, so0 most
rools do not extend below S or 6 feet.

While roots try o grow widely or deeply, they grow best and most thickly where
OXYVEen, waler, or nulrients are present in optimal amounts. Roots are able to sense soil
gradients of resources they need and grow toward concentrations of those resources,
Where roots find rich supplies of resources, be it oxypen, water, nutrients, or warmth,
they branch and fill that area with numerous roogs. For instance, a city (ree growing
in a narrow boulevard may grow a few rope-like roots under the sidewalk, where the
soil is dry and low in oxygen, to the lawn on the other side, where the tree develops
lush fans of absorbing roots. This pattern of root growth allows plants o exploit soil
resources most efficiently.

Oxveen levels especially determine where roots grow. Most roots—even those of
large trecs—oocupy the upper 12 inches of soil, where the greatest amount of oxygen
is found,

Different soil types can affect how rools grow. For instance, some soils have hard
layers under the surface, called hardpans, which prevent roots from growing decply.
As i result, the plant has less soil (o draw on for water and nutrients. The same effect
results from bedrock or waterlogged so0il near the surface, Numerous other conditions
inhibit root prowth as well, including low oxypen, nutrient deficiencies, high soil salts,
pH extremes, toxic materials, compaction, or temperature extremes. All of these are
covered in later chaprers.

Health of the entire plant depends on the health of its root system. Healthy turf-
grass roots, for example, lead o turk that resisis damage from golfl or baseball shoes,
diseases, or drought, and hosts fewer weeds. Poorly rooted wref is difficult and expen-
sive 1o maintain, and requires much greater use of chemicals such as pesticides.

To summarize, only where a soil has the proper proportion of solid, liquid, and gas
can roots grow actively to obtain good anchorage and sufficient water and nutrients.
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AGRICULTURAL USES OF SOIL

Human societies depend on soil o grow food, fiber, timber, ornamental plants, and
increasingly, biofuels. Different agricultural uses require different soil management

'i:lr:II.IEI. L&

Cropland

Cropland is land on which soil is worked and crops are planted, ciared for, and har

vested, Waorldwide, the greatest acreage of cropland is devoted to annual crops—those

planted and harvested within one growing season. Annual crops include agronomic
provducts such as corn (Figure 1-9 and soybeans, fiber plants such as cotton, and
horticultural crops such as vegetables, Annuals require yearly soil preparation. This
wotivity gives growers a chance cach year to control weeds and to work fertilizer and
sreanic matter into the soil. Because the soil surface is bare much of the time, growers
st e careful o keep soil from washing awi

Ferennial forages, such as alfalfa, are in the ground for a few years. They may be

rvested as hay to feed animals, or be used for prazing, These crops cover the soil
completely and so keep the soil from washing away., Because the soil is not workeed
cach year, fertilization is different than for annual crops. Perennial crops also tend to
: better th

build up and improve the soil, and : n annuals for maintaining or enrich-

ing sail organic matter.

Perennial horticultural Crops include fruits, nuts, and nursery stock Crops sty in

the _1_-|.|||_|||_| for 2 1o as many as 20 years ;‘.f'.ln}' Crops are clean-cultivated o I":L"L'F'
the ground bare and weed-free, while others are grown on sod or other soil cover.

Reow crops like this cornin fowa
present thedir own soil manage-
ment challenges. (Courtesy

of LUSDA)
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Challenges to the grower of horticoltural crops are controlling weeds, reducing ero-
sion, preventing soil compaction, and keeping organic matter levels stable,

Growers are also beginning (o assume a new sk growing crops for fuels. Farms
are essentially large living solar energy collectors to produce food; increasingly solar
energy collected by crops will be converted 1o fuel. These currently include corn for
aleohol and sovbeans for biodiesel, but as biofucls develop, new plants From our native
switchgrass to willows may be grown, Besides that, in many locations wind turbines
are being placed on farmland to generate electricity. The project to produce energy on
farms can only succeed if there is a large net energy vield—thar is, the energy produced
greatly exceeds the energy consumed in the process, Efforts to harvest fuel energy from

farmland may have serious implications for maintaining soil quality and management.

Grazing Land

Muich land in the United Stares s E‘I".'I.?H;ﬂl. |'|}' cattle andd ._\hm.'”. In the eastern hall of the
country, pasture is planted o perennial forage (Figure 1-10). In the western half of
the country, which has a drier climate, most grazing is on rangeland, Range consisis
largely of native grasses and shrubs, with some nonnative grasses planted through
existing vegetation. Partly because of the size of much rangeland, it is usually loosely
mranaged.

Forest
Foresters probably disturb soil the least, but soil management is stll a concern.
When trees are harvested after many years' growth, logging equipment tears up the




vepetative cover and compacts the soil. Increased erosion results, and the soil is a less
desirable medium for growth of newly planted seedlings. Other concerns of forestry
include choosing the best rees for each soil type and ensuring good conditions for
newly planted seedlings.

Other Uses

Some crops such as flowers, houseplants, and some nursery stock are gprown in pots.
Planis growing in the tiny root zone of a pot require great care. Growing media for
containers may be highly modified o improve their properties or be eatirely soilless
mixtures of peat, perlite, and other materials.

Landscapers plant and maintain ornamental plants to beautify our surroundings.
Their activities also conserve soil in urban areas. Soil knowledpe is needed to decide
what plants to put where and how to manage the plantings. All too often, landscapers
must plant in soil heavily disturbed by construction or in rocky fill. Landscapes stay in
place for decades, during which time soil can be subjected to injury from deicing salt,
and foot and equipment traffic,

NONAGRICULTURAL USES OF SOIL

Orher human activities—in addition 1o growing plants—require soils. Avits most basic,
soil is a surface that people inhabit, Specific nonfarming scil uses include recreation
and engineering projects such as building foundations and waste disposal. Let us look
at a few of these uses,

Recreation

Recreational uses of the soil surface are important. Sit in an urban park and you will
see children in the playground, softball teams on the field, and runners on jogging
paths, Golf courses (Figure 1=-11), parks, and campgrounds are examples of large areas
used for recreation. The design of recreational facilities is a specialized skill that re-
quires knowledpe of soil properties.

Sport-playing fields may be the most demanding of all soil uses, To grow turf that
withstands the punishment of football cleats or soccer shoes challenges even the best
of managers. Soils in the best playing fields are highly engineered mixes of loam, spe-
cific sizes of sand, and other ingredients. They may even include a plastic mesh to hold
the soil together. Fields generally have several soil layers, are carefully graded anc
drained, and are well maintained. These and other considerations require a knowledge
of s0il science.

Engineering

Before constructing a home, laying a road, or installing sewer lines (Figure 1-12),
soils must be tested and sometimes modified o make sure that they are suitable for
supporting the structure, Feople know that structurally sound buildings depend not
only on the builder's skill but alse on the soil under the house. Building foundations,



Racreational coils, a3 in this

golf course, have their own
managemaent challenges. Here

a worker cultivates a new area
with an aerator. (Courtesy of Deep
Time. LLC}
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for instance, crack if soil settles under the building. In some wowns, landscapers re-
quire an enginecr's service in designing retaining walls to ensure that they held firmly
in the soil. Civil engineers also need firm soils that settle lile for the roadbeds of
highways and foundations of bridges,

Examples of important engineering properties include shrink-swell potential and
Ioad-bearing capacity. Many soils swell when wet and shrink as they dry, cracking
walls, destroying foundations, and breaking or dislodging buried pipes, like those of
the sewer line being installed in Figure 1-12. Soils high in clay or organic matter have
low Ioad-bearing capacity. Foundations of buildings constructed on such soils may
shift and crack. Roads and other structures huilt on such soils may also have structural
problems. In 1989, San Francisco shook to a major earthguake thar brought down
many huildings—most located on a loose “fill” soil that could not support structures
when the carth began 1o shake,

Waste Disposal

Newspaper headlines about hazardons waste disposal focus attention on the difficul-
ties of safely handling wastes generated by society. Sail has long been used for waste
disposal, sometimes with unfortunate results,

Treatment of human sanitary waste often relies on soil becise it filters out some of
thie material, while microorganisms break down organic portions into less dangerous
compounds. The common home septic drain ficld is an example.
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One way for sewage treatment plants 1o handle their end products is to spread them
on soil (Chapter 150 Sewage sludge may be useful to farmers as a source of nutrients
and organic matter, as long as possible harmful materials in the sludge are taken into
account, To avoid problems from sludge, its use is regulated by government agencics
and may not be legal in some localities.

Sanitary or especially hazardous waste landfills require soils that will not allow haz-
ardous materials to leach into the water table or run into neighboring streams or lakes.
The search for landfill sites often arouses conflict in a community. Many people feel
landfills cannot be entirely safe, and even those who agree that landfills are necessary
do not want them nearby.

Building Materials

Before long-distance shipping of building materials became practical, people built their
homes with locally available materials, including soil. Early settlers in the Great Plains
built huts out of sod, a thick carpet of grass, its roots, and soil. Adobe, a sunbaked
mixture of three parts sancdy soil to one part clay s0il, has been used as a building ma-
terial for thousands of years and continueés to be used in the American Southwest.

Modern applications of soils are being developed in the search for energy-cfficient
housing, Buildings can be built underground, into hillsides, or even with soil piled over
them. These earth-sheltered buildings are warm in winter and cool in summer, lower-
ing both heating and cooling costs. A few homes have been built of packed earthen
walls, constructed by mmping carth into erected forms.

Figure 1-12

Hew sewer line being excavared
near the author's college. Soil
traits are important to the safety
of this ine, Here, the Bne |5 baar-
led in deep depasits of outwash
sand [Chapter 2).
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Rangeland
(405 million acres)

Cropland
(368 million acres)

Pasturaland
(117 million acras)

Urban land
(108 million acras)

Other land
(50 rillion acres)

Farastiand
Caonservation resene land {404 millon acres)

(32 million acres)

LAND USE IN THE UNITED STATES

Figure 1-13 shows how nonfederal land was used in 2003, but land use does not re-
main statie, In any given vear, some [orest i3 cleared for cropland, while somewhere
else cropland returns to forest. Market forces such as land or grain prices, techno-
logical change such as irrigation, or government programs spur changes in land use,

Figure 1-13 displayvs data gathered during a United States Department of Agriculture
inventory of nonfederal land in the Unied States (excluding Alaska) called the 2003
Mational Resource Inventory (NRI). NRIs were also conducted in 1982, 1987, 1992, and
1997; topether they show trends in land use in the nation. The 2003 NRI shows that
about 80 percent of nonfederal land is evenly divided among crop, forest, and range-
lands as the major uses of our soils. Becauwse much of the 402 million acres of federal
land is forest or range, they cover a larger proportion of the total United States land
surface than shown here.

During the 1982-2003 period, nonfederal rangeland declined by abowt 10 million
acres, cropland decreased by 52 million acres, pastureland shrank by 14 million acres,
and forest grew slightly. About 32 million acres of what had been marginal cropland
were enrclled in the Conservation Reserve Program in 2003 (Chapter 20); some por-
tion of that could later be returned to its prior use.

One land use continues to grow at the expense of other uses—urbanization
(Figure 1-14) This includes the building of cities, wwns, factories, and roads. Com-
parisons with the 1982 NRI1 show that during the years 1982-2003, 35 million acres of
rural land were developed for urban uses.

SOIL QUALITY

Soil quality, also called soil health, is the capacity of a specific soil to provide needed
functions for human or natural ecosystems over the long term. That s, it can sustain
plant and animal growth and productivity, maintain air and water quality, and support
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human health. Quality soil helps keep a forest healthy and grows excellent crops or at-
tractive landscapes; in shor, it performs the functions described in this chaprer.

The concept of soil quality has been used as an educational tool and as a way 1o
assess soil. To do the latter, various soil-quality indices based on important soil char-
acteristics such as organic matter content have been devised. Such indices have been
questioned in the soil science community, but here we will use the general concept as
a uselial 1||1||1|1_'||-;| I'-:rr '\(:-II LS ;:r:||:| .:\.-;_':-i| LS |Jr;tq_li|.'|:"r. t\‘l\'l.-'rl.'d {Fq) rhi.s [EXT,

5oil degradation is the loss of soil quality. A United Nations report, Global Environ-
et Outlook 2000, estimates degradation of some 4.7 billion acres (1.9 billion hect-
ares) of land worldwide. Examples of soil degradation inclucde:

* erosion of soil from the land
* pollution by industrial chemicals, oil spills, and many others
s conversion of |;||;!|.- !.;r:’l:i:i|:1|:'|{|$ [ {!I:_":\'I:;‘I[. called desertification

* changes in soil chemistry, such as severe changes in soil acidity

* increases s0il salt levels, or salinization

* loss of soil organic matter

A major goal of this text is (o present ways to prevent such problems and to conserve
ity. While preserving soil quality involves understanding basic soil processes
and management, it also includes specific practices that preserve our soil and water
resources while being practical and profitable for a soil user. We call these practices
Best Management Practices, or BMPs. Use of these BMPs is part of being a good

rigure 1=-14

O |and use continuwes to graw
at the expense of the others—
urbankzation, Here we seo new
subdivisions outshde Las Vegas,
Mevada, (Courtesy of USDA, Natu-
ral Resoehees Cantervation Service)
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citizen for those who use soil, and the population of every nation has the right to ex-
pect its soil vsers o understand the soil, o follow BMPs, and to stay abreast of new
methods for sail quality preservation.

SOIL AND NATURE

S0 far, this chapter has largely focused on human uses of soil. Indeed, human usage
strongly informs the entire discipline of soil science. If soil science developed with a
focus on natural ecosvstem, it might look slightly different. Nevertheless, soil plays a
critical role in natural ecosystems, and much of the information in this text is appli-
cable. The reader will find references to natural systems scattered throughout the text.

For instanee, which living things reside where depends on soil and climate, because
these two define availability of such resources as proper lemperature, moisture, and
nutrients. In a local area, water and nutrients largely control the nature of plant com

]
=

Molsiure

Dry

Poor Rich

@ Present in PPA of TAP Province
& Mot present in PPA or TAP Province

gura 1
Ordination diagram of some Minnesota forest communities. Each character codes for a type of plant commu-
nity, and the shaded shapes contain related communities. The diagram shows that soil moisture and nutrients
partially define what plant communities grow where. Sugar maple-basswood forest (light green MHs 3% grows
m nutrient-rich, moist uplands while jack pine woodland [ red FDc12) is Tound invery dry, moee fnutrent-poor
locations and black spruce/sphagnum bog (pink APnED) i found in very nutrient- poor wetlands, (Minnessra
Department of Natural Resources (20051, Field Guide fo the Native Plant Cornmunities of Minnesota; The Eastern
Broodieal Forest Provinge. MNDNR, 51 Pawl, MN)



miarities, and i is soil that delivers those resources. I":ij_.',LIrc 1-15 shows an “ordination
diagram” of wooded communities in Minnesota, Each colored patch represents a geoup
of related plant communities; each code represents a specific community. Note the
axes of the diagram: moisture level and nueient availability, both strongly influenced

3w el

We have already posed the problem of growing populations and the limited area of
qu.l.]ll}' scul tew .=.up|mr1 them. We :!l'li}t|11 :ri.l'l'l“ﬂﬂ:..' ask: in the Bboe of L;r-:awi.ng pupui:g-
tions, how do we make room for nature? The author considers this one of the most
profound and neglected questions facing human societies. Natural ecosystems deliver
|||1|:-l:|||!:|||l Services 10 .-\l:u.'l'l:'['}._ sich as watershed funcnons of L'n":_"l:'l'irlg_ i)urif}'ing. ;||11,|
storing water. Surely part of the answer 15 o preserve our best farmlands and forests,
el te make the most productive and sustainable use of them,

SOIL AND CLIMATE

Our changing global climate will affect growers and other soil users in ways we are
only beginning o understand, Climate affects how we use the soil, and in tuen, how

wie use the soil effects the climate. Because this is so, future public policy will cer-
tainly infuence soil usage

Soils interact with the atmosphere by gas exchange, as described earlier in this chapter.
S ol rh{-w FEISES are "J_';re:q-'l'll'n:l'uhl.' j.g:L.\l:".-." OF FAsSes that Il".Lp- heat in I!||t.' :ltl'l'!l:'n:i|‘.|]1.r.'f|.r._

such as carbon dioxide. What we do when we manage soil can increase or decrease con-
centrtion of these gases in the amosphere, and thus, the deg

ce of climate change.

Figure 1-16

Carbon sequestration on
lanc under Grass cover il
set aside In the Conservation
Riseryie Prugram [chapter
20} Measurements showed a
Farge increade in $ofl carbon.
{Courtesy of LS0A)
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Soil is one of the planet’s largest reservoirs of carbon in the form of organic marter.
If we lose soil organic matter from fields, more carbon dioxide goes into the atmo-
sphere and climate change is promoted. If we increase soil organic matter, carbon
dioxide is withdrawn from the atmosphere, and climate change is moderated. In prac-
tical terms, for instance, modern conservation tillage increases soil organic matter,
while older conventional tillage reduces it. Or, because land covered with permanent
grass cover holds more organic matter than land growing corn and soybeans, convert-
ing more animal production from feed to grazing or forage will also withdraw carbon
from the atmosphere. Figure 1-16 shows a soil in Minnesota that stored large amounis
of new carbon after the land was converted to permanent grass cover as part of the
Conservation Reserve Program (see Chapter 20), visible as the decp black coloration of
the 1opsail.

The process of storing carbon in soils, plants, or elsewhere is called carbos
sequestration, and locations where it is sequestered are carbon sinks, It is possible
that the public will evemually ask growers to rent their land as carbon sinks, That is,
while growers grow their crops, they will be asked to grow carbon in their soils as
well. There could be a system of carbon credits offered 1o farmers. Chaprer 20 dis
cusses programs concerning soil erosion and water quality that affect growers; perhaps
some future edition of this text will add programs concerning carbon sequestration,
Fortunately, increasing soil organic matter content will also improve soil quality and

crop productivity for the grower,

Growers may also play a role in moderating climate change by growing bicfuels and
hosting wind-energy production to reduce the use of fossil fuels,

The reader will find throughout this text references to climate and soil interactions as
they come up, If the reader is unfamiliar with the science of climate change, Appendix 1

summarizes the topic.

SUMMARY

The significance of soil is best explained by describing
its function in three wavs. First, soil serves ecological
functions that support life on earth, including support-
ing plant growth, recycling and sioring carbon and nu-
trients, and purifying air and water. These functions are
often served through imeractions between the earth's
crust, soil, and atmosphere.

Second, soil supplies anchorage, water, and nutrients
to the plant and oxygen to roots. Soil answers these
plant needs because it is a three-phase matrix of solid
particles with water and air in the pores between the
particles. When the soil is healthy, roots can explore
these pores 1o find the water and nutrients needed by
the plant.

Third, people inhabit the soil surface and have both
agricultural and nonagricultural uses for soil. Agricul-
tural uses include the production of food, fiber, timber,
and ornamental plants. Engincering or nonagricultural

uses include recreation, building or foundations and
roadbeds, and waste disposal. Soil also provides a
source of building material. Properties suitable for engi-
neering uses, such as a low shrink-swell potential, often
differ from those needed for agriculture.

This chapter siressed how important soil is and
noted that the world's soil base is shrinking because of
expanding urban areas and soil degradation, while the
world's population continues to expand. At the same
time, the necessity for making room for nature becomes
more acute. These problems emphasize the need to use
and conserve soil correctly.

Puhlic expectations of soil users may rightfully grow
more complex, to not only grow crops but also to
preserve soil and water quality by the use of BMPs, o
grow fuels for the nation, and to grow carbon in their
sonils 1o moderate climate change.
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Is the need for maintaining good soil quality likely
o increase or decrease in the years to come?
Explain your answer.

In older homes, tile sewer lines have openings that
are often invaded by tree roots, plugging the line,
Explain why this happens.

In building a home, an old tree has its roots covered
with an additional foot of soil to make a flat, level
area for a patio; the tree slowly dies, Explain why
the tree died using information from this chapter.

In many city neighborhoods, boulevard trees are
planted on a narrow strip of land with the strect on
one side and a sidewalk on the other. Beyond the
sidewalk lies a lawn. Explain why tree roots may
damage the sidewalk and the possible
consequences of cutting the roots while

repairing the damage.

Which of the land uses of the United States is
permanent—that is, once being used for this pur-
pose, it can no longer be easily converted to
another use? s this use growing? Do you consider
this a problem? What are some possible solutions?

Considering the four plant needs supplied by soil,

speculate how these needs are supplied when
plants are grown hydroponically.

ENRICHMENT ACTIVITIES |

__The Importance of Soil

Traditionally, landscapers mulched shrub beds by
covering the soil with a sheet of black plastic and
then laying a mulch such as rock chips on top.
Mow, they have mostly replaced the black plastic
with porous landscape fabrics. Explain the advan-
tage of the fabrics to shrub health.

Corn prices are high this year, so a farmer plows
up an old pasture and plants it with corn, As a
consequence, the organic matter content of the soil
declines. Using information in this chaprer and
Appendix 1, explain why this would contribute (in
a very small way) to an increase in average global
lemperatures.

Using the ordination diagram in Figure 1-15,
describe the moisture and nutrient characteristics
of the sites where savannas (codes beginning with
UF) grow in Minnesota, Speculate what the soils
might be like in these locations. You might answer
thiz question again when you have completed your
course, and compare answers.

10, A Case Study: The symbol of a town near the

author's college was an old tree called The Lone
Oak. When the nearby highway was completely
remodeled and rebuilt, the health of the Lone Oak
declined over several years and finally died. What
factors might have led to its demise?

Anybody whose career is in agriculture, horticulture, natural resources, or engineering needs a basic knowledge
of soils. Some jobs we might consider soil science careers include soil surveyor or soil conservation specialist.
The Internet contains many sites about soil science careers; check owt these examples:

«  Canadian Soil Science Society career page at <http:/fwrww.csss.ca> Go to “Students,” then “Careers.”

*  Professional So0il Scientists Association of Texas career page at <httpypssat.org> Go to “Careers.”

*  Soil Science Society of America has a brochure you can order from its Web site <httpuifowww.soils.org>.

Also check out job listings there,

Part of being a professional is participating in professional organizations, They are also good sources of infor-

mation, Check out the home pages of these groups:

*  Secil Science Society of America (S55A) at <httpy/fwww.soils.orgs,
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*  Association of Women Soil Scientists at <httpy/wwwowomeninsoils.orgs,
*  Soil and Water Conservation Society at <http:///www swos.orgs,

Internships are an important part of learning about soil vse. For information on internships in soil science,
browse the internet for “internships in soils.”

For further information on some of the topics discussed in this chapter, try these Web sites.

*  The Soil Quality Institute for more information on soil quality, at <http:/{soils.usda. govisgis,

+  The 555A statement about carbon storage in soils at <htipydwoow.soils.org/pdifpos_paper_carb_seq/pdfs.
*  The History of Herodotus at <htip:/fclassics, mit.edu/Herodotus/ history. 2.ii.html =

For a treatment of the place that soil degradation (as well as other factors) played in collapse of earlier societics,
see Jared Diamond's 2005 book, Collapse: How Societies Choose o Fail or Succeed. Penguin Books.
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TERMS TO KNOW

Soil Origin and e
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eve opm e nt chemical weathering patent material
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delta pedon
| dissalution phiysical weathering I
: gfr'is | eluviation plow Liyer
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After completing this chapter, you should be able to: feedplain residual soll
f - fraat wedging Fiver Lefrace
- define a soil body glagial drift raat wedging
- list examples of the five sniI-Fnrming factors | glacial outwash sedimentary rock
- describe how soils develop | glacialtil 2o
« describe the horizons of the soil profile e an ‘Ic!“ mm.“
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igneous radk sall hadizan
Huviation soil profile
Soil is a very slowly renewable resource. Although many of our soils origi- | lacustring sl
nated long ago, the forces that create them continue to operate. Some soils | leaching subsall
are hundreds of thousands of vears old, while others just began 1o make bevee tatus
their appearance yesterday. Soils grow, change, and develop. This chapter teess topiedl
describes the soil-formation processes, L i o el ki
master horizon weatheding
Pedology is the study of soil formation, also known as soil genesis, and metamarphic 1sek

soil classification and mapping. We cover the latter subjects in the next |
chapter. Modern pedology dates o the eighteenth and nineteenth centuries Ak T
in Germany, the United States, and especially Russia. These early research-

ers developed concepts of soil as an evolving body arising from weathered

rocks of the crust under a variety of influences. V. V. Dokuchaev (1846~

1003}, a Russian often credited with laying the foundation of modern pe-

dology, published a careful study of Russian scils in 1883 that applied

these concepts. He identified soil-forming factors, developed an early soil

classification system, and began naming the soil horizons we use today.

Dokuchacy’s and other Russian publications réemained unknown in the

United States until into the twentieth century.

In the United States, Hans Jenny's publication of Facrors of Soil Forma-
tion in 1941 further developed five factors of soil formation detailed in this
text. Jenny continued to develop and quantify these factors throughout his
career and connected them with ecological principle. Much of the informa-
tion in this chapter comes from the work of Jenny and other soil scientists
practicing in the United States in the twentieth century. m
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Before describing how a body of soil forms, let us define what we mean by 2
soil body,

THE SOIL BODY

Soil is a collection of natural bodies of the earth's surface containing living matter that
is able to support the growth of plants. It ends at the op where the atmosphere or
shallow water begins, It ends at the bomom at the farthest reach of the deepest rooted
planis. Soil varies across the landscape: in one area it may be mostly made of decayed
plant parts, in another place it may be mostly sand,

It is not possible w learn everything about a soil just by standing on the surface
One must dig a hole to see what it looks like below the surface (Figure 2-1). Because
2 soil scientist cannot dig up acres of ground o study a whole body of sail, sail is di-
vided into small parts that can be casily studied. This small body is called the pedo
ﬂ"iglln: 2-2) A pu:lnn 15 a section of .H-E'rltll us:u:mi'mg from the surfice o the |:|-_'|'|:'|1 af
root penctration of the deepest rooted plants, but generally examined to a depth of
5 feet. Generally, a pedon has dimensions of about 1 meter by 1 meter, and about
1.5 meters deep (about 3 feet x 3 feer x 5 feet). Soil scientists use the pedon as a unit
of soil easily studied by digging a pit in the ground. The pedon is a human device for
studying soil; it does not actually exist in nature.,

The traits of a pedon are set by the combination of factors that formed it in the
landseape neir the pedon being studied are other pedons that are very similar. As one
moves across the landscape, however, one will reach a pedon that is different, because
the combination of factors that formed it were different. A collection of pedons that
are much the same is called a polypedon. Later in this text, we will learn how these
polvpedons are mapped into units called a soil series.,

Figuré 2

One must dig into the ground 1o examing a soil,
here the Clarion soil of lowa. See Figure 2-15 1o

identifly the Llayers, (Courtesy of USDA, Natural Re-
souvees Conservation Service)
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How does & soil pedon form? Picture a section of bare rock that could someday
become a soil pedon. In the process of soil formation, this rock is changed into a
layer of small, tiny mineral particles with some organic matter mixed in. Weather and
plants are the major agents responsible for forming soil from rock, and the process is
called weathering.

Physical weathering is the disintegration of rock by temperature, water, wind, and
other factors. Figure 2-3 shows bedrock being fractured by physical processes. Physi-
cal weathering reduces particle size; it does not alter chemistry of the material, For
instance, in cold climates, frost wadging occurs when water freezes and expands in
rocks or in cracks in the rock, causing it to break apart. The alternate expansion and
contraction of rock caused by heating and cooling cycles also stresses the fabric of
rock. Both cause rock to fracture or outer layers o peel away. In some climates, salts
may crystallize in cracks in rock, placing internal pressure on the rock and splitting it
apart. Rain, running water, and wind-blown dust also wear away at rock surfaces.

Chemical weathering changes the chemical makeup of rock and breaks it down. A
common process is dissolution. Some minerals simply dissolve slowly in water, as in
the dissolution of gypsum:

Cas0, + H0 — Ca'? + S0, + H.O

In hydrolysis, minerals react with the hydropen that is in the water molecule, split-
ting the water apart. For example, the feldspar mineral orthoclase undergoes hydrolysis
by replacing the sodium in the mineral with hydrogen, creating a new, softer feldspar:

NaAlsi,0; + H,0 -+ HAISI,0, + Na* + OH

Figure 2-2
Twi s0dl pedons show how each
relaies to polypedons and the
rotal landscape.
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Weathering bedrock that could

be on s way to form residual soil.
Physical and chemacal processes
are fraciuring the rock. (Courtesy of
Maurice Northrup)

Hydration also invalves water, but here the water molecule itself joins the crystalline
structure of the mineral, again creating a softer, more easily weathered material, as in
the hydration of hematite to ferribydrite:

5Fe,0, + 9H,0 — Fe,,0,, - 9H,0

Much of chemical weathering involves water interacting with crystalline minerals o
create new materials by dissolution, hydrolysis, or hydration. Mot surprisingly, maois-
ture availability is an important variable in soil genesis.

Oxidation-reduction and other reactions are also important in chemical weathering.
Refer 10 Appendix 1l vou need help understanding these reactions.

Plants also play an important role in rock crumbling. Roots can exert up to 150
pounds per sguare inch of pressure when growing into a crack in rock. Root wedging
from the pressure pries apant stone, Lichens growing on bare rock form mild acids
that slowdy dissolve rock. When lichen dies, its dry matter is added (o the slowly grow-
ing mixture of mineral particles and organic matter. When a small bit of soil forms
in o rock crevice, plants begin to grow from seed that has blown into the crevice,
continuing the cvele, Roots themselves release mild acids that further the process of
soil genesis. Plants themselves actively promote soil gencsis.
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Soil formation does not stop when a layer of young soil covers the surface. The new
soil continues 1o age slowly and develop over thousands of years. Soil scientists state
that five factors operate during the process of soil genesis and development: parent
material, climate, life, topography, and time. One could say that over time, climate and
living things act on parent material with a certain topography 1o create soil, Some have
supgested that human activities might be named a sixth factor, because most soils have
becn madified o some degree by humans.

Soil formation begins with rock, which supplies the parent materials for most sails.
Before studying the five factors, let us look at the rocks of earth’s crust.

ROCKS AND MINERALS

The original source of most soils is rock—the solid, unweathered material of the
carth's crust. Solid rock breaks into smaller particles, which are the parent materials
of soil. Rock is a mixture of minerals that, when broken down, supply plant nutrients.
Genologists classify rock into three broad (ypes: igneous, sedimentary, and metamorphic.
Refor 1o Figure 2-4 for help in understanding the following paragraphs.

Igneous Rock
The basic material of the earth’s crust is igneous rock, created by the cooling and
solidification of molten materials from deep in the earth (Figure 1-3) Igneous rocks,

1. Sedimentary rock, like imestone of sandstona, tormed
by deposition of materials in water or by wind. Mote fresh
mud amnd sand thal will someday be sedimaniany rock. =

2. Igneous rock, like basall, formed from malten rock, as in
ihis volcanc. Most of the earh’s crust is igneous rock
owvgriain by sedmmentany rock.

3. Meramorpivie rock has bean allered by heal, prassure, of
chemical aclion. Here, limestone becomes marble,
sandsions becoma quartzie,

Figure 2-4

Thres types of rock: sedimentary
rock forming from ocean sedi-
ments (sandstone, limestonel,
Ignieaus rock fram malten rock
{basaltt), and metamarphosed
limestone and sandstone (mar-
ble, quartzite).
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Minerals Gray Granite Basalt Hinckley Sandstoneg Flatteville Limestome

% quarz

% feldspars, others
% calcite, dolomite

Elements

Calcium

5 5 8

Potassium 17 - —

Magnesium 213 -— 18 |
Iran 23 35 5"

Phosphorus 5 5 — —

Manganese — 3 = A

Composition of several igneous and sedimentary rocks of Minnesota, accordeng to the Minnesota Geological Survey. Dashes mean only trace
amaunts. and the starred number was estimated by the author,

such as granite, contain minerals that supply 14 of the 17 required plant nuiricnes
(listed in Chapter 10 of this text). Granite, which is mined for monuments and building
material, is a hard, coarse-grained rock made of feldspar, quartz, and other minerals,
Feldspar, a fairly soft mineral containing potassium and calcium, weathers easily o
clay. Quariz, a very hard and resistant mineral, weathers slowly to sand. Figure 2-5
lists the nutrient content of two sample igneous rocks: a granite and a basall, Granite
tends 1o weather slowly to create acidic parent materials high in sand, while basalt, a
softer, finer-grained rock, weathers more quickly to less-acidic materials low in sand,

Sedimentary Rock

Igneous rock comprises only about one-quarter of the earths actual surface, even i
most of the crust is igneous. This is because sedimentary rock overlays about three-
quarters of the igneous crust. Sedimentary rock forms when loose materials such as
mud or sand are deposited by water, wind, or other agents, slowly cemented by chemi-
cals andfor pressure into rock. Much of the sedimentary rock covering North America
was deposited in prehistoric seas.

The parent materials of many American soils derive from sandstone and limestone.
Sandstone, which consists of cemented quartz grains, weathers to sandy soils. Gener-
ally, these soils are infertile and droughty, Limestone is high in calcium and weathers
easily 1o soils high in pH, calcium, and magnesium. Figure 2-5 lists the contents of a
typical sandstone and limestone,

Metamorphic Rock

If igneous and sedimentary rocks are subjected to great heat and pressure, they change
to form metamerphic rock. For instance, limestone is a fairly soft, gritty rock., When
subjected to heat and pressure, it changes to marble, which is harder and can be cut
and polished. Soils arising lrom metamorphic parent materials resemble soils from
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sedimentary lgneous Metamaorphic Main Components

Sandstome Quartzite Quartz sand

Limestone Martale Calcite

Shale Slate Feldspar clays
Granite Greiss Quartz, mica, feldspar
Basalt Schist Feldspar, mica, olivine

Relationships of several common sedimentary, igneous, and metamorphic rochs.

the original sedimentary or igneous rock. Figure 2-6 shows the relationships between
common sedimentary, igneous, and metamorphic rocks.

Soil genesis is the process of creating soil from parent material. The description of
soil origin carlier in the chapter was of soil formed directly from bedrock; such a soil
might form from the rock in Figure 2-3, These residual soils, formed in place from
the residuem of broken-down bedrock, are actually less common than soils of par-
ent materials carried from elsewhere by such pervasive agents of transport as wind,
water, ice, or gravity. Residual soils form slowly, as solid rock must be weathered first.
Transported soils develop from alreacly weathered material; so they develop more
quickly. Figure 2-7 shows parent materials of the United States. Let us look at the
agents of transport and the sorts of parent materials they carried,

Glacial Ice

Glacial ice carried parent materials over the northern part of North America (Figure
2-8) during numerous glacial periods over the past two million years. The last four left
the most evidence, and the most recent glacier, that of the Wisconsin period, reached
its peak expanse about 18,000 years ago and melted back out the United States about
10,000 to 12,000 years ago. Most of the glacial deposits that cover the northern states
come from the vast ice sheet of the Wisconsin glaciation.

Glaciers that expanded out of Canada crushed and ground the earth, picked up and
transported clay, sand, rocks, and other materials, and deposited them elsewhere 1o
become the parent materials of new soil. We term these deposits glacial drift. In the
process, the glaciers left behind a distinetive landscape over much of northern United
Stares and Canada, often rich in wetlands, lakes, and ponds.

Glaciers deposited materials in many ways, so there are several kinds of glacial drift.
During the melting process, some debris simply dropped in place to form deposits
called glacial till. Other kinds of till were deposited beneath advancing ice; these mate-
rials, crushed under the weight of the ice riding over them, are often extremely dense
and compacted. In some areas such as parts of New England and Minnesota, they form
dense hardpans. Because there was no sorting action in the deposition, glacial till is
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Unconsolidated deposits Residual accumulation

ant®
[ ] ciaciai i [ 7] aneous rocks
[ ] arine deposits [ sedimentary rocks

[ ] ectian deposits

[ suvial and cosuvial deposits
[ ] ereatpiains material

[] vaxe deposis

Major parent materials of soils of the United States (USDA),

extremely variable, and so are the soils derived from it. Till soils often contain pebhles,
stones, and even boulders.

Other materials carried by the glacier washed away in meltwater 1o form sediments
in streams and lakes, During the process, materials were sorted by size, Coarser mate-
rial, being larger and heavier, was deposited near the glacier and in nearby streams and
rivers to form glacial sutwash. Outwash deposits tend to be sandy and gravelly (Figure
1-12), and are good sources of construction sands and gravels. Smaller particles often
reached glacial lakes 1w form lacustrine deposits on the lake bolloms,
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Wind

Some parent materials were carried by wind, leaving eclian deposits. For example,
some soils in MNebraska formed from sand dunes, deposits of sand carried by rolling
in the wind, Most eolian soils in the United States are actually a result of the last
glacial period.

After the last glaciers melted and meltwaters subsided, large expanses of land were
exposed to a dry climate with strong westerly winds, Winds picked up silt-size (me-
dium) particles and deposited them in the Mississippi and Missouri River valleys and
elsewhere, These loess soils—wind-deposited silt—are impoctant agricultural soils in
much of Iowa, linois, and neighboring states. Loess often blankets other materials, so
often forms the upper parts of a soil.

Unlike other materials, wind-blown dust is global. For instance, dust blown from
the Sahara Desert of Africa makes a significant contribution to soils of the Caribbean
Islands.

Wate

Alluvial soils are soils whose parent materials were carried and deposited in moving
fresh water to form sediments (Figure 2-9). Alluvial materials can be deposited in sev-
eral ways. Alluvial fans form below hills and mountain ranges where streams flowing
down-slope deposit material in a fan shape at the base. As water speed slows abruptly
at the foot of the slope, large particles drop out first, As a result, alluvial fans are gen-
erally sandy or gravelly. Finer materials are carried away in rivers.

Flooding rivers also leave deposits behind, Coarser materials may be deposited in
low ridges, or levees, along the river bank. Away from the river, floodwaters spread
over larpe flat areas called floodplains. Here water will be shallow and slow moving;
fine particles settle out. Repeated flood events tend to create multiple layers in flood-
plain soils, and they can be excellent agricultural soils when flooding can be controlled
and drainage improved, Levees, being coarser and elevated, dry more quickly. Flood-
plain soils are especially important along the Mississippi and its tributaries and along
rivers that flow into the ocean on the East and Gulf coasts. Many important soils of
California are from river alluvium.

Sometimes a river cuts deeply into its floodplain 1o flow at a lower elevation, This
establishes a new riverbed and floodplain, while the old floodplain is left higher as a
river terrace. An example of river terrace soil is some soil of the San Joagquin Valley
of California.

Lacustrine deposits form under still, fresh water. Most of our lacusirine soils remain
from giant glacial lakes that have since dried up, including Glacial Lake Agassiz of
northern Minnesota, North Dakota, and Canada, and Glacial Lake Bonneville of Utah.
When glacial runoff water ran into the lake, the heaviest materials were left near the
shore, while the smallest particles were carried to the center of the lake. Thus, lacus-
trine s0ils are sandy near the old shoreline and grade 1o soils with smaller particles to-
ward the old lake center. Lacustrine soils, having flat terrain and being poorly drained,
can host a rich agriculture with proper artificial drainage, but challenge the home and
septic field builder.

Marine sediments form in the ocean. Many scattered soils of the Great Plains and
the Imperial Valley of California are beaches of prehistoric seas that once covered
the United States. Other beach soils are common along the Atlantic coastline and the

Fioure 2-8

Glaciers have covered much of
North America several times.
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Water and marine deposited
soils, {7} Floodplains form along
rivers from materials deposited
during Mleading. (27 Alluvial
fans are deposited at the base
af slopes by running water. (3}
Deltas form when smaller par-
thches drpp out a5 & river @nters
an ocean. (£} River 1erraces are
old flood plains left above a new
river level,
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Gulf of Mexico. All these tend to be sandy soils. Deltas, in contrast, have very small
particles and tend to be wet, Deltas form when rivers flowing into an ocean deposit
sediments at the mouth of the river. The Mississippi River Delta of Louisiana is a prime
example, as is the Rio Grande Valley of Texas and Mexico.

Gravity

Some parent materials move simply by sliding or rolling down a slope. This material,
called colluvium, is scattered in hilly or mountainous areas. An example of a colluvial
material is a talus—sand and rocks that collect at the foot of a slope (Figure 2-100. Ava-
lanches, mudslides, and landslides are other examples.

Volcanic Deposits

The ash blown out of a volcano and deposited nearby or carried some distance by
wind forms a chemically distiner, dark, and lightweight parent material. The Pacific
Northwest, Hawaii, and Alaska are areas of the United States where such deposits
are common,

Organic Deposits

Characteristics of the soils formed from parent materials described so far are set by
mineral particles in the soil. Mineral seils contain less than 20 percent organic matter,
except for a surface layer of plant debris. Organic soils, containing 20 percent or more
organic matter, form under water as aquatic plants die. Low oxygen conditions under
water retard decay of these dead plamts, so they tend to pile up at the lake bottom.
Eventually the lake fills in and is replaced by an organic soil. Organic soils are exten-
sive in Minnesota, Wisconsin, Florida, Michigan, and Alaska,

CLIMATE

While climate is extremely complex, we are speaking here primarily of tlemperatore and
precipitation. There are whole vocabularies for numing temperature and rainfall regimes,
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Figure 2-10

Colluvium slides or rolts down a
slope, here In Arizona. (Courtesy
of USDA, Natwral Resources Con-
Fervanion Sendce)

buit here ler us JUIST fre e the terms ardd, semiarid, and bumid, Most ._\.i|11p]1.,' put, these
refer to climates which, in order, experience very low, low, and higher rainfall.

Climate first affects soils by causing physical and chemical weathering of rock. How-
ever, climabe continues to affect soil development long beyond this initial stage. The
main effects are due o temperature and rainfall,

Temperature affects the speed of chemical reactions in the soil—the higher the em-
perature, the faster a reaction. Chemical weathering in soils occurs mostly when the
soil is warmer than G0°F. Thus, in cold areas, such as tundra, soils develop slowly. In
wirm arcas, such as the tropics, soils develop more rapidly.

Another result of temperature is its effect on organic matter. Warmth promotes
greater vegetation, so more organic matter is added to the soil. However, warm t(em-
peratures also speed the decay and loss of organic matter. Thus, soils of warm climates
tend o be low in organic matter,

In warm regions, warmth promotes dissolution of materials, so if climate is also
humid, chemicals leach out of the soil more quickly. Warm climates also promote the
weathering of clay minerals to forms that are less fertile.

Water is a critical factor in soil genesis. Much chemical weathering involves water in
such reactions as hydrolysis and hydration. In cold regions, water is needed for frost
wedging. Water moving down through the soil moves dissolved materials with it by
leaching, and can even translocate (move) fine solid particles such as clay, Translo-
cated materials include clays, lime, salts, plant nutrients, and other chemicals, Thus,
soils in moist climates tend to be different than those in drier climates. For instance,




One effect ol climate on soils.
The average organic matter
Increases 1o the east and north
because of higher rainfall or
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desert soils (Figure 2-14) tend to be enriched in salts thar would leach out of the soil
in humid climates.

Soils in high rainfall areas also tend to grow more vegetation, so soils of humid arcas
tend to have more organic matter than soils of drier regions. However, this effect is
often counieracied by vegetation effects discussed later in this chapler, As a broad
summary of the effects of higher rainfall climate, soils tend 10 be deeper and have
more organic matter in the topsoil. Clay particles and salts tend to move deeper into
the soil, and the soil tends 1o be more acidic,

The United States is a pood example of the effects of climate on soil (Figure 2-11).
The climate of the United States cools from south to north. This is reflected in an
increase in average organic matter content from south to north. Also, the most weath-
ered soils in the United States are in the south. The average rainfall of the United
States increases from west to cast. As a result, the organic matter content of the United
States” soils also tends 1o increase from west 1o east, though vegetation effects tend o
mask the trend (see next section),

S50il color also follows north-south rends. Because organic matter is black, soils tend
1o appear darker as one moves from warmer o cooler climates. Because of changes
in chemical reactions involving iron, soils tend 1o appear redder as one moves from
cooler o warmer climates,

ORGANISMS

Organisms that live in soil—such as plants, insects, and microbes—actively affect soil
formation. The actual properties of a developing soil are influenced especially by the
type of plants growing on it. Figure 2-12 shows the parent vegetation of soils of the
Uniited Staies.
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Mative vegetation of the United States. (Adapted from UEEDA Forest Servicel

Mineral soils having the highest organic matter content form under grasslands
(Figure 2-13). Grassland vegetation, mostly herbaceous, forms a deep, dense mat of
fibrous roots, many of which die each year and contribute large amounts of organic
miatter to the soil. Indeed, most of the biomass of a prairie develops underground in
the soil. This keeps the organic matter content high and the soil color dark. In a for-
est, much of the biomass grows above ground in the trees. When leaves fall or the tree
dies, the material falls to the soil where it creates a surface layer of organic matter that
does not mix with deeper layers. As a resuli, forest soils have less organic matter than
prairie soils and display shallower topsoils of lighter color. The type of trees also influ-
cences the soil. Compared to hardwoods (deciduous trees), softwood (conifer) foliage is
acidic and resistant to decay, therefore their soils tend w be thinner, lower in organic
matter, and more acidic. Deserts, with very sparse vegetation, have the least organic
matter (Figure 2-14).

Vegetation also affects the location of nutrients and other ions in the seil. Plants
absorb ions in the roots and carry them to the tops, where they are returned to the
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Grassland vegeration in Minnesota. Grassland sails
tend to be high in erganic matter. (Courtesy af
Mawrice Northrug)

soil surface when leaves drop.

is recycles ions from deeper in the soil 1o the surface
and helps reduce their loss from leaching, Deep roots of deciduous trees, for instance,

extract ions from deep in the soil, leaving the surface horizon of deciduous forest soils
enriched in jons,

W tend 1o stress vegetation as the main living factor in soil formation, but other
life impacis soil as well, such as bur rowing animals that mix the soil, earthworms that
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create large, deep pores and speed organic matter decay, or nitrogen-fixing bacteria,
These other organisms are covered in greater detail in Chapter 5.

TOPOGRAPHY

Topography, or the soil's position in the landscape, influences soil development mainly
by affecting water movement and soil wetness. Water runs off slopes, making them
drier, and collects in low areas, making them more moist. This, in turn, affects chemi-
cal weathering that depends on moisture, types of vegetation, and other factors that
influence soil formation.

Two important features of topography include slope and slope aspect, or direc-
tion the slope is facing. Slopes may be steep or shallow, long or short. Slope position
strongly influences soil moisture. Soils on the shoulder of a slope mostly shed water
and are dry; soils at the base of a slope mostly receive water from above, and tend to
e moist, Soils at midslope shed water, but also receive water from above, and are in
Between in mosture content, Water tends 1o collect in depressions, creating a very wet
position. In addition, the water table tends to be decpest near the shoulder and closest
o the surface at the base of a slope and in depressions, also changing moisture content
of the soil. These differences affect chemical weathering of the soil. For instance, sub-
soil may be reddish high on the slope, the color of oxidized iron in a well-aerated soil,
and gray at the base, the color of reduced iron in waterlogged soil (Chapter 4).

Slope aspect deterr s the amount of solar energy the slope receives, South-facing
slopes, and to a lesser degree, west-facing receive more intense sunlight than north-
and east-facing slopes, and are thus warmer and drier. This effect is often visible by
the types of vegetation occupying different slopes. For instance, in the author's area,
sugar maple forest may develop on cool and moist north slopes while oak forest grows
on hotter, drier south slopes.

Slope also affects erosion rates. Slopes tend to lose soil from erosion, while depres-
stons tend o receive so0il. Because soil particles are moved off slopes by erosion, such
soils tend 1o be thinner and less well developed.

Because running water tends 1o carcy off smaller particles, soils in lower areas may
be finer than those of higher areas. Depressions may also intersect the water table at
least part of the year, keeping them wet for long periods, One could say that level and
depressional lands tend to have drainage problems, while sloping terrain often suffers
from erosion.

TIME

Soils change over time, undergoing an aging process. Initially, a thin layer of soil ap-
pears on the parent material. Such a young, immature soil takes as little as a hundred
VeAars (o form from well-weathered parent materials under warm, humid conditions.
Under other conditions, it may take hundreds of years.

Weathering of the young soil continues, and many generations of plants live and
die, 5o the yvoung soil becomes deeper and higher in organic matter, If there is enough
rainfall, leaching begins to carry some material deeper into the soil, creating the soil
profile described later in this chapter,



Chapter 2

As soils age, biological processes tend to increase the nitrogen content, while leach-
ing tends 10 reduce phosphorus. Thus, young soils tend o be low in nitrogen bur high
in phosphorus, while older soils are the opposite, Mature soils are penerally productive,
but as soils continue to age, they become more severely weathered, more highly leached,
and often less productive. In general, as soil ages it becomes deeper, develops distingt
layers, and becomes more acidic and leached.

Ower time, soils become less and less like their parent materials. Aging happens
most rapidly in warm, humid climates, and most slowly in cold or dry climates, or
where parent materials resist weathering.

However, the aging process is not static. Time zero for a soil usually begins when
some dramatic event such as landslides or glaciers changes everything and resets the
clock. Such events can happen at any time. A soil might age through the years until it
reaches some steady state and remains unchanged thereafter, but this is rare. Soils can
erode away, be buried, or even become the parent material for a new soil, IF soil factors
change, the direction of soil development can be deflected into a new path. For instance,
if forest invades prairie, the soil embarks on a new path wward a forest-type soil.

We tend to think of soil development as progressive; that is, soil becomes deeper
and more complex with more and beiter defined layers. But if the combination of soil-
forming factors changes, so0il can also regress, becoming shallower and less complex.
Very old soils may have undergene repeated cycles of progression and regression.

HUMANS

Humans may be considered just another living entity that modifies sail, but their action
can be so rapid, dramatic, and different from other life that they might be considered
a separate, sixth soil-formation factor, Very few soils have been unaffected by human
activities. Effects may be as subtle as the deposition of air pollutants distant from any
human habitation to as massive as carthmoving during road construction. The latter
resets the time clock for this new soil material to zero, and the earth moved by the ma-
chinery is the parent material for this new soil.

Humans also enrich soils around them in phosphorus by fertilization and disposal of
refuse, This effect is distinctive encugh that archasologists use phosphorus enrichment
as evidence of early human habitation. Our system of soil classification also recognizes
such enrichment in some soils.

Chapter 19 describes traits of urban soils, those most modified by humans.

THE SOIL PROFILE

Soils change over time in response to their environment, represented by the soil-
forming factors, Soil scientists have classificd the causes of those changes into four
soil-forming processes:

ADDITIONS: materials may be added o the soil; some examples are
fallen leaves, alluvium, and man-made materials such as air
pollutants and compost. Deposition of nutrient-rich dust is a
major contributor to the fertility of many soils.
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materials may be lost from the soil, as a result of
such mechanisms ag deep leaching, erosion from
the surface, or gases filtering out of the soil.

materials may be moved within the soil, by leach-
ing deeper into (but not out of) the soil, being
carried upward with evaporating water, by being
moved by animals such as ants or earthworms, or
other action that moves soil material around,

materials may be altered in the soil; for example,
organic matter decay, weathering of minerals to
smaller particles, or chemical reactions,

For example, some soils contain caliche, a hard subseil layer cemented by lime. Its
formation has been explained this way, Owver long periods of time, lime-laden dust
is deposited on the soil surface (addition). It is leached downward by percolating
water (franslocation). and precipitates out as solid lime at some depth Gransformea-
tion) where it cements a soil layer. This process requires the correct amount of min-
fall—enough o rranslocate the lime downward, but not so much as to move it out of

the soil allogether (fossh

Each of these processes occurs differently at different depths. For instance, organic
matter tends to be added at or near the surface, not deep in the soil. Some material
mowves from high in the soil 10 be deposited lower. As a consequence, different changes
occur at different depths, and horizontal layvers develop as a soil ages (Figure 2-15).
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These layers are known as soil horizons, visible wherever the earth is dug deep
encugh to expose them. The soil profile is a vertical section through the soil extending
into unweathered parent material and exposing all the horizons. Each horizon in the
profile differs in some physical or chemical way from other horizons,

In a very young soil, weathering and plamt growth produce a thin layer of mixed
mineral particles and organic matter atop parent material. The thin layer of soil is
labeled the A horizon, a surface mineral horizon enriched with organic matter. The
parent material below the A horizon of this young soil is termed the C horizon, It is
defined as a subsurface mineral layer only slightly affected by soil-forming processes,
Thus, this young soil has an AC soil profile.

As the young soil ages, the soil increases in depth, and new horizons appear, For
instance, clay-sized particles and certain chemicals may leach out of the A horizon,
moving downward in the profile to ereate a new layer, the B horizon.

Master Horizons

The A, B, and C horizons are known as master horizons, They are part of a system for
naming soil horizons in which each layer is identified by a code: O, A, E, B, C, and K.
These horizons are shown in Figure 2-16, and are described as follows.

O The O horizon is an erganic layer made of whelly or partially
decayed plant and animal debris. The O horizon generally occurs
in undisturbed soil, because plowing mixes the organic layer into
the sail. In a forest, fallen leaves, branches, and other debris make
up the O horizon,

A The A horizon, called topsoil by most growers, is the surface
mineral layer where organic matter accumulates, It is darker than
the horizons below. Owver time, this layer loses clay, iron, and other
materizls in downward moving water, a loss called eluviation. Ma-
terials resistant to weathering, such as sand, tend to remain in the
A horizon as other materials elluviate out. The A horizon provides
the best environment for the growth of plant roots, microorgan-
isms, and other life.

E The E horizon, the zone of greatest eluviation, is very depleted
in clay, chemicals, and organic matter, Because chemicals that
color s0il have been leached out, the E layer is very light-colored.
Many soils have no E horizon; it is mostly likely to occur under for-
est vegetation in sandy soils in high rainfall areas.

B The B horizon, or subsoil, is often called the “zone of accumula-
ticn” where chemicals leached out of the A and E horizon accumu-
late. The word for this accumulation is lluviation. The B horizon
has a lower organic matter content than the topsoil and is often
enriched in clay deposited by illuviation.

C The C horizon lacks the properties of the A and B horizons. 1t is
the soil layer little touched by soil-forming processes and is usually
the parent material of the soil. It may also include very soft, weath-
ered bedrock that roots can penetrate.



Soil Origin and Development

Undecomposed organic material, origin
Surface layer cearty visible
of plant residuas
Mainly decomposed organic materials,
origin unrecognizable

Leached mineral horizon wilh organic mafter

Topa accumulation, dark color

Lone of maximum leaching, Bghi color, most
commion in forest soils

Sadum <
Transitional layer similar 1o E or A

Subsail 4 Transitional layer similar to B

Zone of maximum accumulation, usually Bght
color, red, or yellow from chemicals leached
freen A horizon

Transitional layer between B and C

Harizan similar in appearance to parent materials
balore soil-forming process began

May b igneous, sedimentary, of metamorphic rock

R The R horizon is underlying hard bedrock, such as limestone,
sandstone, or granite. It may be cracked and fractured, allowing
some root penetration. The R is identified only if it is near enough
the surface 1o intrude into soil.

The A, E, and B horizons together make up the solum, the portion of the profile that
has actively participated in soil forming processes and that is clearly soil. The C hori-
zon below is either parent material or more closely resembles unaltered parent mate-
rial than the layers above. Most often, the solum contains most plant roots.

Subdivisions of the Master Horizons

As soils age, they may develop more horizons than the basic master horizons. Some
of these layers are between the master horizons both in position and properties. These
transitional layers are identified by the two master letters, with the dominant one

Figure 2=-16

Main horizons of the soil profile.
Bold lines divide O, A, B. C.and R
harizons; broken lines show
possible subhorizons.
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written first. Thus, an AB layer lies between the A and B horizons and resembles both,
but is more like the A than the B, Figure 2-16 shows these layers.

A soil layer can be further identified by a lowercase letter suffix that tells some trait
of the layer. Appendix 3 lists these suffixes but two will serve as examples here—the
Ap and Br. An Ap layer is a surface layer disturbed by humankind, so that the old layers
were mixed up. For instance, plowing would mix up an O, A, and AB horizon if they
were all in the top 8 inches, The Ap horizon is the same as the plow layer, the top 7 or
& inches of soil in a plowed field. A Bt horizon is a B horizon in which clay has accu-
mulated by illuviation.

Further subdivisions are noted by a number following the letters. Thus, one could
have a soil with both a Btl and a Bt2 horizon. This means that the Bt horizon of the soil
has rwo distinct layers in it, though they may be hard o separate by the untrained eve.

Now for an example. Figure 2-15 shows the wop 42 inches of the Clarion soil
found in Iowa and Minnesota—it is the same soil as Figure 2-1 with the hori-
zons labeled. Clarion is a prairie soil with a deep, dark-colored A horizon. The wop
T inches are a plow layer from cultivation, hence is labeled Ap. The thick A horizon
extends below the plow laver, and is divided into an Al and an A2, The differences
between them are not readily visible in this photo. This makes the toral A horizon
18 inches deep. At 18 inches, the Bw horizon appears, a weakly developed B hori-
zon. It is lighter in color than the A above but darker than the C below. Again, there
are two Bw layers, hard to separate in this photo. At 36 inches, the C1 horizon
begins, and exiends below the depth of the photograph to 52 inches. A C2 underlays
the C1 at 52-60 inches. In this phatograph, the C horizons are lighter in color than the
B. This soil contains no E horizon because the soil-forming factors here do not favor
development of one. Mor is there an R horizon, because bedrock is somewhere below
the zone we study,

SUMMARY

Soils form from minerals broken up by the action of
weathering and plant roots and from the addition of
decaying plant parts. Young soils continue 1o age—
growing deeper, being leached by rainfall, develop-
ing layers, and changing over time. This soil-forming
process involves the addition, loss, translocation, or
transformation of sail materials, and is governed by
the five factors of parent material, climane, life,
wopography, and time. Some autherities would add
humans as a sixth factor in soil formation. Over time
s0il deepens and develops recognizable horizons,
and may finally become severely weathered and
highly leached.

Residual soils develop directly from bedrock (igne-
ous, sedimentary, or metamorphich. Most mineral soils
come from parent materials moved from one area 1o

another by ice, water, wind, or gravity. Organic soils are
composed of decaying plants. Each type of parent mate-
rial is responsible for a different soil.

Parent materials are acted on by climate and living or-
ganisms. Soils develop quickly in warm areas with high
rainfall, then age into heavily weathered soils low in
organic matter. In cooler regions, organic matter accu-
miulates and weathering is less intense. In arid climates,
sparse plant growth inhibits the formation of organic
matter. Grassland soils tend to be high in organic mat-
ter, forest soils lower, and dryland soils lowest of all.

Topography affects soil formation by changing water
movement and sail lemperature. Low areas often have
deep, rich soils that drain slowly. Erosion causes thin
soils on slopes,



Time is a factor because soil development is a
continuing process. Young soils tend 1o be thin with
lintle horizon development. Matire soils are deeper
and productive with several recognizable horizons.
Old soils are severely weathered, highly leachec, and
less productive,

REVIEW

1. Name the Oive soil-formation Factors and give an
example of the effect of each on soil formation.

(34

Dy a soil profile containing seven distinet hori-
zons in the correct order, and label them. Indicate
topsail, subscil, and solum, Hint you will use more
than just the regular master horizons, and there are
many possible configurations.,

3. Describe the major parent materials and vegetation
as well as climate that contributed to the soils of
your locality, Describe how they influenced
your soils.

4. What do alluvial fans, floodplains, deltas, and ter-
races have in common? How are they different?

5. Would vou be likely 1o read a soil description that
includes an At horizon? Use Appendix 3. Explain
YOUr ANSWer.

6. Discuss the four soil-forming processes and give
examples of each.

7. You have two very different soils that are only
a 100 yards apart, Which one of the five soil-
forming factors (parent materials, climate, to-
pography, life, and time) most likely explains the
differences?

8. Running water removes soil from the surface by
erosion. Which of the four soil-forming processes
does this exemplify, and how might the soil-form-
ing factors affect it?

ENRICHMENT ACTIVITIES

1. Study the history of the soils in your state or vicinity.

Soil profiles, which develop over time, are divided
into master horizons, These, in turn, may also con-
tain layers. Each layer is named by a code system that
identifies its position in the profile and provides some
information about it,

9, Organic matber tends 1o increase from west to east
in the United States because of increasing rainfall.
Yet, some of the highest organic matter soils are
in the plains states, which are relatively dry.
Explain why.

10, Compare the nutrient contents of soils derived from
the granite, sandstone, and imestone-based materi-
als shown in Figure 2=5 What nutrients are each
high or low in?

11. Clay minerals are important soil particles that form
in the soil during weathering, a subject of a later
chapter. Such elements as potassiom and magne-
sium are needed for clay to form in the soil. Would
a residual soil formed from Hinckley sandstone (see
Figure 2-5) contain much clay?

12, If the climate in a certain location changes to be
warmer and drier, would you expect soil develop-
ment o change over time? Suggest a couple of ways
it myight change.

13. A case study: Eigﬁl.c:n thousand years ago,
during the peak of the Wisconsin Glaciation,
northern Kentucky was probably free of ice. How-
ever, the climate was cold, and the likely vegetation
was taiga, which is relatively open conifer forest
and grassland. How do you think taday's soils of
northern Kentucky would compare with those
of 18,000 years ago? Use information found in
this chapter.

2. Dig a soil pit and study the soil profile. See if you can name the layers.

3. Obtain samples of common soil-forming rocks and minerals. Find more information about each from a simple
field guide to rocks and minerals. What plant nutrients does each contain (see Chapter 10 for a list)? Using
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several available laboratory exercises, experiment with various weathering processes. For instance, iry e scratch
feldspar with quartz, and vice versa. Which is harder?

To observe the effects of freezing on physical weathering, pat a handful of clay soil into a ball. Inject water into
the ball with a syringe, then freeze overnight. Observe the resules.

This Web site from Alberta discusses soil-forming processes: <hiip:fwww.environmentualberta.ca/soa/process,
cfme=. It has one additional factor not included here. Which one is it and how would you fit it into this text's
five factors?

This chapter skimmed over the complex deposits left behind by glaciers that became parent materials for many
states. Search the Web for “glacial landforms® o find out more.

This chapter’s description of soil horizon designations is a simplified one without the more technical bits as well
as less common designations. Search the Internet for a more complete description,



After completing this chapter, you should be able to:
- deseribe the current USDA soil classification system
- gxplain how soil surveys are prepared and used
= list soil capability classes

Al the end of the 1800s, public leaders began to realize that land in the
United States was being damaged by poor land pelicies. This realization
led wa public efforts 1o conserve soils—efforts that continue today. To pre-
serve land one first needs to study it, and that study needs a system for
describing, naming, and classifying soil. With these tools, soil profession-
als can survey the land and describe what they find. A start was made in
the early 1900s when the povernment began to survey and classify the ULS.
soils, This chapter will briefly review some history of soil classification,
describe the current system, and then discuss soil surveys.

SOIL CLASSIFICATION

Soil survey depends on a system of grouping soils of like properties.
Soil classification helps us to understand, remember, and communicate
knowledge about soils,

The Russian soil scientist V. V. Dokuchaev fiest suggested a way of clas-
sifying soils around 1880. He proposed that soils were natural bodies
created by soil-forming Factors. This proposal formed the basis of a classi-
fication system that soil scientists h-l_'p,'.m using o survey the U5, soils.

Owver the years, the United States has used several, constantly evolving
soil classification systems. In the 19205, then chief of the Soil Survey Divi-
sion of the USDA C. F, Marbut began devising a soil classification system,

CHAPTER3
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The USDA soil classification sys-
temn lists sk lewels of soil classes.
The approximate number of
each is provided but continues
to increase. The classes of plant
tanonomy are listed 10 show
another familiar taxonomy, but
there is no direct correspond-
ence between the levels.
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later published in the 1938 Yearbook af Agricalinre: Soils and Men. This system was
based on soil properties and the combination of soil-forming factors presumaed o have
created them, using terms such as “Podzol soils” and "Chernozem soils,” Students may
encounter these names in older literature, and the terminology is still in use in the
classification systems of some other countries.

The USDA intreduced the current classification system in 1960 with the publication
of Soil Classification, a Comprebensive System. Continued modifications led o s re-
publication in 1975 as Soil Taxonony: A Basic System of Soif Classificarion for Maling
and fnterpreting Soif Snrpeys, the basis for modern soil classification in the United
States. This system oo continues to evalve, with changes such as the addition of a
twelfth sail order, the Gelisols, in 1998,

The Soil Taxonomy

Earlier soil classification systems were generally based on the presumed history of a
soil, that is, its process of formation under the five soil-formation factors, The system
of the Sodl Taxonomy is based, rather, on properties of the soil as it can be observed in
the field or laboratory.

It resembles the way plants and animals are grouped according to a system known
as a faxonomy—a hierarchical grouping of objects at several levels o show how they
relate, where the lowest level is the most specific and the highest level the broadest
grouping. Figure 3-1 compares the taxenomy of plants with that of seils, This compari-
s0on can be deceptive; there is no real correlation between the levels of soil and biologi-
cal taxonomy. However, conceptually they are similar in both being maxonomics.

Unlike taxonomy for plants and animals, seil classification is not universal. While the
USDA's soil taxonomy can be universally applied to the sails of the globe, outside the
United States, many nations employ their own systems 1o serve their own purposes.
Canada, for instance, needs a finer-textured system for describing soils of cold climates
than does the United States, while having little need of classifving soils of warmer
climates, 5o while the Canadian system resembles that of the United States, it does not,
for instance, have equivalents (o the American soil orders Ultisol, Oxisol, or Aridisol
{described later in the chapter). The Activities section of this chapter provides a Web
site for the Canadian system,

Order (12) Kingdom
Suborder (66) Division

Great Group (>3.20) Class

Subgroup (>2,000) Order

Family (>£,000) Family

Series (>19,000) Genus and species
(Phases) [Variety)
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As shown in Figure 3-1, the system has six levels of classification. The high-
est rank, the soil order, is the broadest group. The system recognizes 12 soil orders,
based mainly on presence or absence of certain key layers in the soil profile, called
diagnostic horizons, as well as on average temperatures and rainfall. Diagnostic hori-
zons are not the same as the soil horizons described in Chapter 2, which are called ge-
netic horizons because they are formed during soil genesis. An example of a soil order
is an Entisol, a soil showing few signs of soil and horizon development. The name for
all soil orders ends with the suffix sof. The twelve soil orders are described later in the
chapter. Appendix 2 presents a map of the soil orders of the United States.

Each order is divided into several suborders, the next highest level of the soil rax-
onomy. Suborder members of the same order differ most often in soil moisture or
temperatures but may differ by other factors. A Psamment, for instance, is a suborder
of Entisols that is highly sandy. The name of a suborder includes a Latin or Greek root
that provides information about the suborder and ends in several letters that identify
the order o which it belongs, A Psamment, for instance, is an Entisol. The letters
“psamm” come from the Greek word for sand. These suffixes are named in the descrip-
tions of soil orders later in the chapter.

Suborders, in turn, are divided into great groups, often based on the presence
of certain key horizons but may differ by other traits such as soil moisture and em-
perature, A great group is named by adding a prefix to the suborder name. A Udipsam-
ment is a Psamment (sandy Entisol) that is usually moderately moist, expressed by the
prefix “udi”

Great proups are Further divided into subgroups, based on how close a soil is o
the “central concept™ of its great group. That is, there is a core image of what that
great group should be, but there are gradations within it. A subgroup that maiches
the central concept is called Typic, while other words express variations. We affix
the subgroup name as a separate word before the great group name, for instance, a
Typic Udipsamment,

Subgroups are themselves divided into families, units of a subgroup with similar
properties important to the growth of plants and soil vse, such as subsoil particle
sizes or the minerals found in the scil. Family names are composed of a string of de-
scriptive words placed before the subgroup name, for example, a frigid, mixed Typic
Udipsanmment. This is now the full, taxonomic name of this soil, and you will find such
names in soil surveys. The naming system for families is quite complex and will not be
further discussed here.,

All the words and syllables used o create these names are listed in Soil Taxonony,
and the reader should refer to that publication for further details. Those who use soils
at the local level, such as growers, builders, or county-extension agents, are more con-
cerned about the lowest soil grouping, called the soil series.

Soil Series

S0il scientists divide soil families into smaller units called soil series. The soil series is
the taxonomic unit with the narrowest eange of features, and all pedons within a series
have very similar soil profiles. Each of these units is distinct from other units and is
the same as the polypedon described in Chapter 2.
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Each series is given the name of the town, county, or other location near where the
series was first identified. The Mahtomedi soil iz named after 1 town in east central
Minnesota and is an example of the soil family just classified above. Other examples
of soil series include Saybrock (a Mollisol), found near the cemral illincis own of
Saybrook, or Ontario (an Alfisol), named after a town in New York. A series name may
be followed by the surface texture of the soil, as in Saybrook silt loam.

The series is the lowest official category in the soil mxonomy. However, in
practice, a series may be subdivided further into phases. A phase is a variation of a
series based on some factor that affects soil management, such as slope, degree of
erosion, or stoniness. One might have, for example, an Ontario loam, 3 percent to
G percent slope phase. Soil series with their phases become mapping units for the most
detailed soil surveys.

Soil Orders

As described earlier, soil scientists currently divide soils into 12 soil orders. While each
of these orders carries a technical, formal definition, here we will provide a simple
description of each,

Alfisols

Alfisols usually are soils of deciduous forests of temperate moist climates. The A ho-
rizon is typically light colored, and in undisturbed soils, O horizons often ocour at
the surface. Surface horizons may be acidic. The B horizon contains some illuviated
clay, and the soil has moderate to high base saturation, meaning certain cations have
accumulated in the soil (Chapter 2 describes the ion pumping of trecs). A typical pro-
file could be O-A-E-Bt-C. Alfisols are generally good agricultural seils, and constitute
about 13 percent of U.5. soils, especially in the north central states. In the suborder
name, the element “alf” is used. Figure 3-2 shows the Nebish series, a Hapludalf (moist
alfisol with minimum horizon development) of central Minnesota. It has the profile
A-E-Btl-Br2-C.

Andisols

Andisols form in geologically recent voleanic materials; the parent materials are
weathered particles of volcanic glass, which provide a very distinctive soil. The soil
is lightweight, typically dark colored, high in organic matter, easy o till, with a high
water-holding capacity. The soil binds phosphorus tightly, often making it less avail-
able o plants, A typical profile is Al-A2-Bw-C. These also make good agricultural
soils, and make up about 2 percent of U.5. scils, mostly in the Pacific Northwest,
Hawaii, and Alaska. In the suborder name, the element “and” is used,

Aridisols

Aridisols are soils of arid climates of cool 1o hot deserts and shrublands (Figure 2-14),
often with alkaline and salted horizons. Lack of water limits soil development. A typi-
cal profile would be A-Bt-Ck or Chkm, Cy, Cz. Aridisols are not productive for agricul-
ture unless irrigated, as many are in the western United States. Aridisols comprise
about 12 percent of LS. soils, mostly in the West, In the suborder name, the element
“id” is used.
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Figure 3-2

The Mebish soil series, an Alfisol.
At the subgroup level, Nebish is
a Typic Hapludalf. (Cowrtesy of
LUSDAMRCSE)

Entisols

Entisols lack well-developed horizons. They may be young, or form under conditions
that inhibit soil development, such as climatic extremes or resistant parent material.
They may also form where erosion or deposition prevents horizon formation. Entisols
are the least developed of the soil orders. A typical profile is A-C. They are extremely
variable, scattered throughout the country, and sometimes difficult 1o use, Entisols
make up about & percent of U8, soils. In the suborder name, the element “ent” is used.
Figure 3-3 shows the Zimmerman soil of Minnesota, a Udipsamment (sandy Entisol of
muoist climate) formed in glacial outwash. MNotice the weak horizon development.

Gelisols

Gelisols are very cold soils of the tundra, cold desert, or high peaks. There is perma-
frost in the subsoil; often the surface is peat because the cold, wet conditions inhibit
decay. There may be evidence of soil disturbance from freeze-thaw cycles. A typical
profile is O-Bg-CF. Gelisols are very fragile, and any human disturbance heals slowly.
Gelisols are also a very large carbon sink. They are found mostly in Alaska in the
United States.
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Histosols

Histosols form from decaying organic matter in wetlands. The lack of oxygen slows
decay so organic materials accumulate, reaching contents greater than 20 percent to
30 percent. They are of very low density, Histosols can be drained for growing certain
crops, but suffer from subsidence or even fire. A typical soil profile is 01-02-03-C.
Like Gelisols, Histosols function as large carbon sinks. Histosols comprise less than
1 percent of U5, soils, found especially in the northern Midwest and Atlantic/Gulf
coastal areas. In the suborder name, the element “ist™ is used, Chapter 6 describes
these organic soils.

Inceptisols

Inceptisols are another “young” soil, but slightly better developed than Entisols. Weakly
developed horizons appear, with a typical sadl profile of A-Bw-C. Quite variable in
nature and scattered throughout the United States, Inceptisols comprise about
16 percent of U.S. soils. In the suborder name, the element “ept” is used.

The Zirmmerman soil, an Entisol.
At the subgroup level, Zimmer-
man ks a Typhe Udipsamment, and
is described in the text. Matioe
the lack of strong horizon devel-
apment. (Courtesy of USDANRCS)
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Mollisols

Mollisols are rich, dark soilz of the grasslands, There must be a deep, dark A ho-
rizon with high base saturation. They typically form under conditions of moderate
to low rainfall. Mollisols are considered the richest of agricultural soils, but lack of
rainfall may be limiting for agriculture. Mollisols comprise aboul 25 percent of U5,
soils, mostly of the plain states and some areas of the Pacific Northwest, but extending
through lowa into llinois, In the suborder name, the element “oll” is used, as in the
Udoll (moist Mollisol) Clarion series of Figure 2-15. Notice the deep, dark A horizon.

Oxisols

Owisols are highly weathered soils of the tropics. The A horizon is low in organic mat-
ter, and the soil is largely comprised of granules of iron oxide clays that behave like
sand. Oxisols are often red to yellow in color because of iron oxides. The typical soil
profile is A-Bol-Bo2-C. In the suborder name, the element “ox” is used. Oxisols are
challenging o manage for agriculture. Less than 1 percent of ULS. soils are oxisols,
found only in Puerto Rico and Hawail.

Spodosols

Spodosols most often form under coniferous forest conditions in cool moist regions.
They are light-colored, acid coarse soils, often lacking an A horizon, but usually with
an E. The soil has low base saturation. The subsoil must contain accumulations of
iron or aluminum compounds complexed with humus that stain the subsoil making it
darker than usual. The typical profile is O-E-Bs-C. Spodosols make very poor agricul-
tural soils, useful for acid-loving plants such as potatoes, blueberries, or forests, About
5 percent of ULS. soils are Spodosols, mostly in the northern tier of Midwest and Morth-
east states, In the suborder name, the element “od" 15 used.

Ultisols

Ultisols are highly weathered soils of warm, humid climates, but not as weathered as
Oxisols, There is low base saturation, and the topsoil can be guite acidic. Acidic subsoils
often inhibit crop growith. The subsoil usually has illuviated clay, and is often reddish in
color. The typical soil profile is A-E-Bt-C. Ultisols are infertile soils, but are used for ag-
riculture with proper fertilization and liming. About 13 percent of UL.5. soils are Ultisols,
found mostly in the Southeast. In the suborder name, the element “ult” is used.

Vertisols

Vertisols form from parent materials very high in clays that shrink and swell during
deying and wetting cyeles, such that large soil cracks form. This causes a churning
of the soil that mixes the upper soil; they are said to be self-inverting. They can anly
form in locations with the proper parent materials and a climate that supplies strong
wetting and drying eyecles. The typical profile is Al-A2-A3-C. Vertisols are unstable for
engineering uses, but can make good agricultural soil. They are fertile, but challeng-
ing to till properly. Vertisols make up about 1 percent of U5, soils, most commonly in
Southcentral states. In the suborder name, the clement “ert” is used. Figure 3-4 shows
the Fargo series of the Red River Valley of Minnesota and North Dakota, Notice the soil
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The Fargo soil, a Viertisol, At the
subgroup level, Farge is a Typic
Epiaquert. Natice the extensive
cracking, (Courtesy of USDMANRCS)

cracks and tongues of dark soil extending into the B horizon; this is topsoil that has
fallen into deep soil cracks.

SOIL SURVEY

The USDA developed the soil classification system for use in soil surveys. Soil surveys
classify, locate on a base map, and describe soils as they appear in the field. Soil sur-
vieys tell what soils are in a given location, what the properties of those soils are, and
how they can be used.

S0il surveys are performed under the auspices of the National Cooperative Soil Sur-
vey Program, a joint effort of the USDA Natural Resources Conservation Service, or
MRCS, and state Agriculiural Experiment Stations (see Chapter 20). Most of the actual
surveying is done by soil scientists of the NRCS.

Field Mapping
Mapping a soil wypically begins with preliminary study of older soil surveys, if they
exist, and documents such as aerial photographs. The survey then moves out into the
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The soil schentist conducting a
soil survey in Virginia observes
surface features, probes the soil,
and recards field observations on
a small hand-held computer for
geagraphic processing. Natice
the GPS unit on her back. {Cour-
lesy of USDA, Natural Resources
Conjervation Service)

field, For detailed mapping, a soil scientist traditionally walks the land to survey it
(Figure 3-5). Frequently he or she stops to probe the soil. By studying the soil profile,
that spot can be placed in the correct series, The surveyor also notes slope, evidence of
crosion, and other interesting features. With this information, the surveyor draws the
soil series or phase on a base map.

The NRCS uses aerial photographs as a base map. Aerial photographs make guod
base maps because they show landscape features, including ponds, woods, and sand
pits. Features visible on the aerial photograph may also indicate the boundaries of vari-
ous soils.

When the survey is complete, the resulting map is copied neatly. Maps show the
houndaries of the mapping units, with each unit identified by codes that vary from
state to state (Figure 3-0). Note the codes shown in Figure 3-6. These codes may have
one, two, or three parts, The first group of digits or letters (in this instance, letters)
refers to the soil series. In addition, a unit may be labeled with codes o indicate the
slope and erosion. I the latter two codes are absent, one assumes a nearly level relief
with no erosion, Figure 3=7 gives the common codes and other symbols that indicane
different features in the feld.

Studying Figure 3=06, you will see some units labeled “ZmB." In this excerpt
from the soil survey of Anoka County, Minnesota, “£m” stands for the Zimmerman
soil, mentioned earlier in this chapter. The “B* means a gently sloping phase with a
slope of 2 percent to 6 percent. There is no third part of the code, 5o there is no notice-
able erosion,

While soil surveyors still walk the land, modern technology has become an essential
tool of the trade. Global Pasitioning Systems (GPSs) (Figure 3-5) allow the surveyor
to identify precisely his or her location much more readily and accurately than by land-
marks on an aerial photograph. With GPS, each piece of data taken in the field can be
recorded with a precise geographic location, Geographic Information Systems (GISs)



A section of map 28 of the sail survey of Ancka County, Minnesota. Notice areas of Zimmerman soil mentioned in the text, keyed here a5 Zm.
This map, like many others, is now avallable on the internet. (Courtesy of UISDA)

process and organize the data recorded in the field as well as other sources,
and can then generate a variety of maps and reports. Various remote-sensing systems
can be used for initial reconnaissance and for gathering certain types of useful data,
such as type or health of vegetation, from which one can infer soil information, or
even some soil traits directly. Modern soil survey is a combination of traditional feet-

on-the-ground observation and modern technology. See the sidebar for information on
these technologies.

Mapping Units

Different mapping units are used in soil surveys, depending on how large an area the
map or survey covers. For small arcas, mapping units are detailed phases of soil series.
For larger-scale maps, the units may be higher levels of the soil taxonomy, like families or
great groups. Soil orders are the mapping units on the national soil map in Appendix 2,



Soil Classification and Survey

= ...=—" Large gully
et Dgap, caving guily
=" Drainage ditch
O & Small potholos
\‘r § Wet or seep spot
LTI TETS Small steap area
Py Severely eroded spot
A Rock oulcrop
Py Small area of sand
L Small area of gravel
CS:’ Surface stones or boulders

P’A, Small area of high lime

T e Py 0 e

Lagend Percentage of Slope Description
A 02 Nararhy lavel
B -8 Genlly sloping
c B=12 Sloping
o 12-18 Strongly sloping
E 18-30 Vrry strongly sloping
F 3060 Steep
Mora than 60 Very steap
p _" R e G m.]"" ";"E-';PN;&]. T i "‘.".- ] ]' 'l'j'.' ."‘:...:‘ nl-:t':h"-l
Legend Description
0 Mo ercsion
1orP Sleght, O to 143 1opsoil gone
2orR Moderate, 1/3 1o 243 topsoll gone
dor S Severa, 213 or more topsoll to 1/3 subsoll gona
4 Heavy subsoil erosion, deposition of eroded soil
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reports and maps.

Technelogy and Soil Mapping

GPSs, GISs, and remote sensing are technological tools available to today's soil sur-
veyors, GPS relies on 24 satellites in orbit about the earth, positioned such that any
point on the earth’s surface receives a signal from at least four satellites. Using the
signal, a GPS unit determines its distance from each satellite; with readings from four
satellites, it can determine its precise position on the earth’s surface. Simple units
may be hand-held, larger units carried like backpacks or mounted on vehicles.

Remote sensing gathers information about a site from a distance by using sensors
mounted on planes or satellites, Standard aerial photagraphs, one form of remote
sensing, are black and white, using visible light that we all can see. Other sensors
can see other wavelengths of energy, such as infrared, that standard cameras cannot
see, These reveal information about patterns or health of vegetation from which we
can infer infarmation about soil, color of visible soll, or other information.

GI5s are powerful computer software programs that organize and integrate data
from a variety of sources, such as soil data from GPS points, remote-sensing data,
and all sorts of other relevant data such as zoning information or watershed
boundaries. GIS software can then integrate all the data and generate a variety of
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suborders the mapping units on some state maps. For most county maps, phases of soil
series are the basic mapping unit,

For some land in surveys, there are pockets of soils, or inclusions, that are oo small
in area to show up on the scale of the map. Thus, most mapping vnits actually contain
more than one series, with the major series being the one identified on the map and
the others as small inclusions not identified. Where soils are mixed up enough o be
difficult 1o separate on the scale of the map, mapping unilts may be soil associations or
other mapping unit combinations. A soil association consists of one or more major soils
and one or more minor soils, for instance, the Zimmerman-Isanti-Linoe association of
the author's home state. This association is dominated by Zimmerman with smaller
inclusions of Isanti and Lino soils,

Sail survey maps are drawn to scale appropriate 1o the area and detail needed, The
larger the scale, the larger the area covered but the less detail offered. Most county sur-
veys are drawn (o scales of 1:12,000 to 1:31,680. At the smaller scale, there are about
0.2 miles per map inch {5.28 inches per mile), and the smallest size area that can be pracii-
cally noted is about 1.5 acres. Therefore, small pockets of soil may well differ from what is
mapped, a warning 1o be considered when interpreting a map. Where finer-textured de-
tail is needed, a more exhaustive survey and a map drawn to finer scale may be required.

Soil Survey Reports

A completed soil map becomes part of a soil survey report, typically for a county. A
soil survey report has four major parts: a set of soil maps, map legends that explain the
map symbols, descriptions of the soils, and use and management reports for cach soil,
All these parts provide much useful information about the soils, including:

= Taxonomy of the soil—telling the order, suborder, and other classes,

* A brief description of the soil. For instance, to quote a bit of one descrip-
tion: “The Cathro series consists of very poorly drained soils formed in
deposits of herbaceous organic material over loamy sediments in de-
pressions, This sadl 15 black muck 23 inches thick. The substratum is a
grayish brown sandy loam. Slopes are less than 2 percent. Most areas are
used for woodland.”

= Soil properties of each horizon, including texture, bulk density, perme-
ability, available water, pH, salinity, and other features that will be dis-
cussed in this ext. Engineering properties are also listed.

+ Rating of suitability for engineering projects such as landfills, buildings,
and roads. Problems are mentioned, for instance, the Cathro is listed as
poor for most projects because of ponding.

* Suitability for water-management projects such as reservoirs, drainage,
and irrigation. Problems are mentioned. The Cathro, for instance, is poor
for digging aquifer-fed ponds because of a low refill raie,

+ Suitability for recreational development such as playgrounds and camp-
grounds, Problems are mentioned. The Cathro is listed as poor because
of ponding.

* Potential for cropping, including capability class and projected yields for
common crops grown under high management. Cathro soil, for instance,
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cannot be cultivated unless drained. If drained, one can expect 50 bush-
els of corn per acre, or 55 bushels of oats per acre.

* Woodland suitability, including problems and suggested trees to plant.
The Cathro is rated as poor for woodlands, but certain trees that are tol-
erant of wet soil may be planted,

= Information about good plants for windbreaks.

* Potential as a habitat for wildlife. The Cathro is rated as good for wetland
plams and animals, but poor for others.

Finding a given location on a s0il map in a county survey report can challenge those
unfamiliar with the system. Soil survey maps in most states use the fownship-rarnge
systen, a legal survey system employed in the United States, for identifying location.
An Enrichment Exercise at the end of this chapter identifies Internet resources for
learning about the system,

Survey Report Uses

Soil maps are the heart of good land-use planning. Soil maps give the information
needed o make good land-use decisions—whether the decision maker is a2 national
planner or a farmer, home builder, or landscape designer. At the national level, for in-
stance, the USDA has inventoried soil resources of the United States and kept track of
them from soil maps.

Civil engincers need soil maps, Civil engineers planning a new road will study maps
to find routes with good soils lor roadbeds. Planning commissions searching for new
landfill sites will begin with soil maps.

Figuire

A 30l condervationist works
with a landowner in Georgia to
prepare a conservation plan
wsing a soll map. (Courtesy of
S0, Natural Resgurces
Conservation Service)
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MNew growers or growers planning to expand find soil maps useful for choosing new

land. Instead of driving all over a region searching for the right land, one can target
certain prime areas on soil maps,

Growers can use soil maps in many ways, such as creating a conservation plan
(Figure 3-8) The information in soil surveys helps in planning irrigation or other
projects. For instance, a grower dug a pond in the wet Cathro soil, cited just above,
with hopes of irrigating out of the pond. Had he read a soil report first, he would have
known that the pond would refill oo slowly for this purpose. Growers can also use
the maps to create fielel maps of their own land, used as planning and record-keeping
tools, even digitized into computers for precision agriculture (deseribed later).

LAND CAPABILITY CLASSES

Soil survevs and maps provide the basis for placing soils into a variety of capability and
limitation classes. These are systems for classifying soils according to their suitability
for various uses, such as agriculture, forest, drain fields, landscaping, or others. Best
known is the USDA’s land capahiiitw class system, which prirn:]ri11_|.' rates soils according
to their suitability for agriculture, and also for pasture, rangeland, timber, recreation,
and other uses. The system indicates the best long-term use of land o protect it from
erosion or other problems. For example, flat land with deep rich soil can tolerate long-
term heavy cropping without erosion,

Capability Classes

The United States NRCS recognizes eight land capability classes. These are numbered
by Roman numerals I-VIIL Class [ soils have the fewest limitations and Class VIIT soils
are so limited as 1o be etally unsuitable for agriculture. Erosion hazard due to slope is
the main criterion, but other criteria are used as well. Figure 3-9 shows sample uses
for each class. Note that there are fewer safe uses for each succeeding class,

Class | soils have few limitations for cultivated agriculture. They can be heavily
cropped, pastured, or managed for woodlands or wildlife. Crop cultivation is the most
profitable use of Class | soils. These soils are .“'E" drained and nearly level (0 per-
cent to 2 percent slope). They have good water-holding capacity and are fertile. Ordi-
nary cropping practices such as liming, fertilizing, and crop rotation keep these soils
productive. As some of our best agricultural soils, it would be wise public policy to
preserve such land for agriculiure.

Class 11 soils are also suitable for 2l uses, but have mild limitations that necd moderate
soil conservation or other measures when cropped. Problems include:

1. gentle slopes (2 percent o 6 percent slope)

2, moderate erosion hazards

3. shallow soil

4. less than ideal tilth

5. slight alkali or saline conditions
6

. slightly poor drainage
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Suitable uses for soil capability classes. The higher the class number, the fewer the number of suitable uses, A single slash indicates that wery careful

management ks needed or that the soil cannot be safely used for this purpose every year,

Class 111 soils can grow the same crops as Class | and 11 soils, However, serious prob-
lems need to be addressed, such as:

1. moderately steep slopes (6 percent to 12 percent slopes)

b

high erosion hazards

3. poor drainage

Y

very shallow soil

. droughtiness

5
G, low fertiliny
7

moderate alkali or saline conditions or

8. unstable structure.

Special conservation methods are needed, Growers should limit the number of row
crops grown and favor close-growing crops. This is the lowest soil class that can be
used safely for all erops, but only if used carefully.

Class IV soils are marginal for cultivated crops. Limitations are those listed for Class 111
but are more severe. Slopes may be 12 percent to 18 percent. Row crops cannot be
grown safely, but close-growing crops may be. Crops that cover the soil completely,
such as hay crops, are best. Careful erosion control measures must be practiced.

Classes -1V make up arable land, land suitable for crop production, with Class IV
land being most challenging for sustainable long-term use. The following Classes V-VI
are nonarable land—not suitable for crop production but available for other uses.

Class V soils are not suited o cultivated crops, but may be used for range, pasture,
woodlands, and recreation. These soils are level, have little erosion hazaed, but are
limited by factors such as (1) flooding, (2) short growing season, (3) rockiness, or
{4} wet areas that cannot be drained.

Class V1 soils are unsuitable for cultivated crops, but may be used for pasture, range,
wildlife, and woodland, Problems may include (1) steep slopes (18 percent to 30 per-
cent slope), (2) severe erosion hazard, (3) established severe erosion, (4) stoniness,
(5) shallowness, or (6) droughr.
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Class VII soils have the same problems as that of Class VI, but are more severe. It is
difficult to maintain high quality pasture, but the land may be used for range, woodlot
or forest, recreation, or wildlife if it is carefully managed. Slopes may be greater than
30 percent,

Class V111 soils cannot support any commercial plant production, even timber, They
may only be preserved for recreation, wildlife, or for beauty. Sandy beaches, rock out-
croppings, and heavily flooded river bottoms are examples of Class VIII lancd.

Land Capability Subclasses

All classes except Class 1 have one or more limitations. Land capability subclasses
indicate factors that limit soil use by means of a single-letter code added o the class
number. A Class lle soil, for instance, is slightly limited by erosion hazards; a Class Vie
s0il is very limited by erosion hazards,

The letter codes are as follows:

* e—Runoff and ercsion. Land with slopes greater than 2 percent are those
that need some form of erosion control,

* w—Wetness. These soils may be poorly drained or occasionally flooded.
Some such soils may be drained; others are classed as wetlands and are
best left as is.

* s=—Rool zone or tillage problems. These soils are shallow, stony,
droughty, infertile, or saline. Wind and water erosion may be problems.

* g—Climatic hazard, Areas of rainfall or temperature extremes make farm-
ing difficult. Examples include deserts or the Far North,

Soil Limitation Classes

Besides the USDA capability classes, soils can also be classified by their limitations
for any use, perhaps for landscaping, or tree nurseries, or residential streets. In these
schemes, soil carries limitations for a given application rated as slight, moderate, or
severe. These ratings are based on criteria relevamt to that use.

Land with slight limitation is favorable for a particular use without modification.
Land with moderate limitations has mild problems that can be overcome with reason-
able modification and prior planning. Land with severe limitations is unfavorable for
the proposed use. For instance, high shrink-swell potential, low soil strength, and se-
vere frost action all present severe limitations for road construction,

The USDA offers formal criteria for a number of uses, and the information needed
to categorize a soil can be found in tables in county soil survey reports. Appendix 4
offers a simpler system that students can use for practice, Again, the data needed for
rating a soil appears in soil survey tables, and some can simply be found by examining
the soil profile on-site.

Land users can readily transfer the results of soil ratings for an arca unto a soil map o
graphically reveal lands suitable or unsuitable for various purposes, We might call these
fand nse or interpretive maps. On the soil map, mapping units are colored in, often
with green (go) for areas with slight limitations, yellow (caution) for those with moder-
ate problems, and red (stop) for unfavorable soils. The soil map of Figure 3-6 would
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then appear with color between the boundaries of the mapping units. For instance,
one might create an interpretive map of Figure 3-6 for septic system suitability. People
reading the map quickly locate areas most favorable for proper septic system operation
and areas to be avoided, GIS software is particularly adept at creating such maps.

Lands of the United States and Elsewhere

The United States is fortunate to have a great deal of good farmland. Figure 3-10
summarizes the capability of nonfederal U.S. soils, excluding Alaska. Approximately
43 percent of our soil is rated in Classes [-111. This is soil on which nearly any crop can
be grown, Most of the rest of U5, land is suitable for some form of commercial produc-
tion such as grazing or woodlands.

Goad farmland is not evenly distributed over the United States, Corn Belt states have
the highest percentage of good farmland, followed by Morthern Plains states and Delta
states, Much of the land of the West is too mountainous 1o be useful for cultivated crops.

The USDA figures above are for nonfederal land, not the entire land surface of the
United States, Much federally owned land is mostly rangeland, forest, or other nonar-
able land. According to the definition used by The Economist in its 2007 World in
Figrires, 19 percent of the total land of the United States is arable, compared to about
11 percent of the world. By comparison, other selected countries include Saudi Arabia
at 1 percent arable, Canada 5 percent, Mexico 13 percent, and Ukraine, a former terri-
tory of the USSR and its “breadbasket,” 56 percent,

Class Vil Class |
2% 2%
{30 millkon acres) (31 millian acras)
Class Il
e I } 21%
Class Vil {285 million acres)
200
(275 million acres)
a?;:aw Class i
20%
(263 million acres) {281 million acres)
Class
2%
{33 million acres)
Class IV
14%
(183 million acras) Figure 2-10
Land capability of nonfederal

Land mat suitable | Land suitable for occasional Land guitable lor land in the United States, axclud-
far cultivation: — cultivation: continuous cultivation: img Alaska. (LSO 1997 National

§00 million acres 143 million acres 5949 million acres Resource iwinion)
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SUMMARY

Soil survey efforts in the United Staies began around
1900. At first, a simple soil class system based on soil-
formation factors was used. This system was refined
over time until the current system came info use,

Soil scientists presently classify soils according to
their soil properties, profiles, and climate. This soil
taxonomy has six levels, The wop level consists of
12 soil orders. Each order is further divided into sub-
orders, great groups, subgroups, families, and series.
The important level 1o an individual grower is the soil
series and its subdivision, the soil phase.

Soil scientists survey land and prepare a soil map
based on this cassification system. The surveyor stud-
ies the soil profile and notes slope, erosion, and other
features. A soil survey report incledes the map plus
printed information about the soils on the map and

REVIEW

1. How do the five soil-forming faciors interact to
produce an Alfisol?

2. Explain what a soil interpretive map is. How could
vou deaw one from a soil survey map?

3. The Savbrook silt loam, mentioned in the text, is
a “fine-silty, mixed, superactive, mesic Oxyaquic
Argiudoll.” Try o identify which syllables or words
apply 1w family, subgroup, great group, suborder,
and order. What soil order is it?

4. At the time colonists arrived in the New World,
moast of the nerthern New England states were cov-
ered by forests. They were cut down and replaced
by farms. Later, forests grew back when the center
of agriculture shifted to the Midwest. Explain dif-
ferences in soil that could have contributed 1o this
shift. Hint: look at the soil map of the United States.

5, As soils develop over time, they may move
from one s0il order to another. What might be
examples of young, “middle-aged,” and older soil
orders? Explain,

their suitable uses, These reports are then used by
regional planners, engineers, growers, and others,

The information in a soil survey places the land into
one of eight capability classes, Classes 1, 11, and 111 are
suitable for cultivated crops. Class IV is marginally use-
ful for cultivarion. Classes V-VIII are restricted (o non-
cultivated uses, A number of factors are used o clas-
sify the soil, principally erosion hazard, Other factors
include drainage, droughtiness, and extreme climates.
Soils can also be classificd as to their suitability for
other uses, and conventional soil maps may be colored
1o represent the suitability of each mapping unit.

Many s0il surveys are now available on the Internet,
and the number so offered is growing. An enrichment
exercise at the end of this chapter supplies the URL of a
USDA site containing many county surveys,

6. What are soil survey maps drawn on? What are the
advantageous of this as a base map?

7. What percentage of the nonfederal land of the
United States is rated as arable lands? What
percentage is nonarable? Can you suggest why
the percent arable land is low in Sauci Arabia and
in Canada?

8. If the average temperatures of the northern lati-
tudes rise, given enough time, what would happen
to the percentage of the world's surface covered
with Gelisols? Speculate what impact the effect
might have on further climate change.

9. Using Appendix 4, list conditions that create severe
limitations on land for maintenance of a permanent
Erass pasiure,

10, What are the major soil orders of your state? How
did the soil-forming factors interact to put them
there? To complete this question, you will need
further infermation from your instructor,
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The USDA Matural Resource Conservation Service Web site at <http/www.nrcs.usda.govs has a number of
resources related to soil classification, Navigate to the NRCS Soils page from the home page above. There you
will find the following:

a.  The official Soil Series Descriptions of all the soil series of the United States.
b.  Online soil surveys for many of the counties of the United States.

An online version of the Soil Taxonomy—a very large .pdf file,
d. Listings and images of the official state soils for each state.

e. A map of the dominant soil orders of the United States. This will take a bit more navigating. Use the .pdf
file—large but easier to read.

The NRCS Soil Education Web site, at <http:/fsoils.usda govieducations, can also be navigated o find more,
including a listing of many of the elements that go into making up the suborder and great group names, under
“Soil formation and classification.”

For photos and descriptions of soils of the 12 orders, visit <http:/fsoils.aguidaho.edu/fsoilorders/orders.hims> or
<htip/soils.usda. govitechnical /soil _orders>.

In most states, parcels of land are located using the township and range system of land survey used in the
Public Land Survey System. For a simple graphic display of the system, try the genealogy site <http:/ffoutfitters.
com/gencalogy/land/twprangemap.html> Practice using this system on a soil survey map.

Using the above resources, identify your state soil. Then using the Soil Series Descriptions, find out what kind
of soil it is. Write a short report describing the soil.

Photocopy and blow up an area of a soil map from a survey supplied by your instructor. Select a use you would
like to put the land to in that area. Using the tables in the survey, and Appendix 4, color in the mapping units as
having slight, moderate, or severe limitations,

A copy of the Canadian soil classification system is available online at <http:{fsis.agr.
ge.cafeansis/references/ 1998sc_ahtmls.
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Physical Properties

of Soil

OBJECTIVES

After completing this chapter, you should be able to:
= describe the concept of soil texture and its importance
+ identify the texture of a sample of soil
» describe soil permeability and related properties
« describe structure and its formation and importance
« explain other physical praperties
« discuss soil compaction and tilth

Physical properties are soil characteristics a grower can see or feel, Physi-
cal properties greatly affect how soils are used o grow plants or for other
activities. Is the =oil loose so roots can grow easily through it or water
seep in easily? Or is the soil ighs, preventing root growth and water ab-
sarprion? How well does the soil aid in supplying air, water, and nutrients?
Does this soil need irrigation or artificial drainage? Is this a good sail for
apple trees or corn? Will there be preblems in installing a septic sysiem
here? A knowledge of physical properties helps to answer these questions.
This chapter describes these properties, beginning with the maost basic
one, soil texiure,

SOIL TEXTURE

The most fundamental soil property, one that most influences other soil
traits, is texture, Soil texture describes the proportion of three sizes of soil
prarticles—sand (large), silt (medium), and clay (small). The size of soil par-
ticles, in turn, affects such soil traits as water-holding capacity and aera-
tion. Let us first describe why particle size affects these properties,
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Effect of Particle Size

Soil particle size affects two important soil features: specific surface area and the num-
ber and sizes of pores. We define specific surface area as the amount of surface area
exposed by all the particles in a certain weight of soil. Specific surface area can be
thought of as the “internal” surface area of the soil. Figure 4-1 uses children’s alpha-
bet blocks to demonstrate that the smaller the particles in a soil, the larger the surface
area. Because soil contains many small particles, a handful of soil may hold many
thousamd square feet of internal surface area.

Specific Surface Area

Soil surface area is important because reactions occur on the surface of soil particles,
and because water is held as a film around soil particles. Soils with greater surface area
have more total water films. Imagine pouring water over a pile of marbles, Most of the
wiler runs away quickly. Droplets clinging 1o the surface of the marbles are the only
water retained in the pile, because water cannot soak into the marbles. Following the
rule abour particle size, a pile of small beads holds more water than a pile of marbles
because it has more surface area for water to cling to. Because soils with the smallest
particles, like silt and clay, have the largest surface area, they hold the most moisture.

Reactions that hold plant nutrients in the soil also occur on particle surfaces. There-
fore, we can make the rule that the smaller the particles in a soil, the more water and
nutricnts the s0il can retain.

Soil Pores

Pore size and number also depend on particle size. Figure 4-2 sugpests that more
pores are found between small particles than between large ones. The figure also
shows that pores are larger between larger particles. Thus, soils high in clay have
many small pores, while soils high in sand have fewer but larger pores,

Interconnected pores may be viewed as tubes through which water and air can
pass, even though they are hardly straight, but rather twisted. Because these tubes
are narrow and kinked, air and water do not travel quickly. The larger pores, called
macropores, or aeration pores, create the easiest pathways, and so largely determine
the movement of air and water through the soil. As water drains down through the
soil, it pulls air in behind it, which occupies the macropores.

Small pores, or micropores, retain some water as it drains down through the soil. In
such small pores, water films surrounding adjacent particles merge, holding water in
place but excluding oxygen. Further, because of the small pore size, micropores make
difficult pathways for water movement. Because they are generally occupied by water,
micropores block the movement of air.

Clearly, soils desirable for plant growth need some balance of macro- and micropores:
macropores for air and water movement, and micropores for water retention. It is worth
noting that macropores are fragile, sensitive to disturbance, These pores tend (o col-
lapse when compressed or mismanaged, with results discussed later in this chapter.

Soil Separates
S0il scientists divide mineral particles into size groups called soil separates and de-
fine three broad classes: sand, silt, and clay. These three topether make up the
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fine earth fraction of soil used to determine texture. Larger particles, such as
gravel, are considered 10 be coarse frapgments, and are not considered in texture.
Figure 4-3 names the separates and gives their sizes according to the system adopted
by the United States Department of Agriculture (USDAY. Other soil users, such as engi-
neers, classify soil particles differently to suit their needs. Figure -4 gives some idea
of the relative sizes of the separates under the USDA system,

Sand, the largest soil separate, is composed mainly of weathered grains of guartz
or other minerals. Sand particles are further divided ino four subcategories, as shown
in Figure 4-3. Individual sand grains, except for very fine ones, are visible 1o the

i 3

{A) Eight biocks have been put logether 1o
make a single large block. Each side
measures 4 = 4 inches. The total surface
area of thas large block is 96 square inches:

Total area = area of each s:de ® number of sides
55 lm =4 x4 b

(B} The large block has been cut inlo eight
equal biocks. The 1olal surface area of alt
the blocks is now 192 square inches:

Total area = area of each block = numbor of Blocks
1825, in. =22 x6= 8B

By having the size of the blocks, the lolal surdace
@rgd i doubled, In the soil, small paricies create
o karge surlace anea for walar and nutrients 1o

hoid on 1o, Figure 4-2

Figure 4-1
The smaller the sosl partiches, the greater the specific
surface arca.

Sail particle size affects pone size. (4) Small particles create
many small pores. (8] Pores are larger bat fewer In number
Betwieen farge particles. Micropores usually hold water,
FMACTOpOfes Air,
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Separate Diameter (mm)

Very coarse sand 2.00=-1.00 367 Grains easily seen, sharp, gritty

Coarse sand 1.00=0.50 18"

Medium sand 0L50-0.25 9"

Fine sand 0.25-0.10 41" Gritty, each grain barely visible

Very fine sand 0.10-0.05 156

Silt 0.05-0.002 e Grains invisible to eye, silky to touch
Clay <0002 ™ Sticky when wet, dry pellets hard, harsh

e USEW system of soll separates. The comparison shows the differences by setting a very coarse sand grain equal to 3 feet in diameter.

Fene sand ———— ‘Vary fing sand - Clay

Sil

Figure 4

Comparing the size of soil sepa-
rates. On this scale, very coarse
sand would be 3 feet acrass.

naked eyve. All are gritty to the touch. Sand grains do not stick to one another, so
they act as individual grains in the soil. Enough sand in a soil creates lirge pores, so
sand improves water infiltration (rate at which water enters the soil) and aeration.
On the other hand, large amounts of sand lower the ability of the soil to retain water
and nutrients,

Silt is the medium-sized soil separate. 5ilt particles are silky or powdery to the touch,
like tale. Like sand, silt grains do not stick to one another, OF all the soil separares, silt
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has the best ability 1o hold large amounts of water in @ form plants can use, Silt, how-
ever, erodes readily in moving water and wind.

Clay is the smallest soil separate; consisting mostly of tiny sheet-like crystals. Clay parti-
cles are about the size of the particles in tobacco smoke. While sand and silt result simply
from rock crumbling into small particles, clay results from chemical reactions between
weathered minerals wo form tiny particles of new minerals, These new minerals arc able
o bond nutrients chemically to their surfaces, holding plant nutrients in the soil.

Particles the size of clay, unlike larger ones such as silt or sand, can move through
the soil, filkering between larger particles in moving water, This is a natural process of
soil formation, an example of translocation and eluviation, which often leads o sub-
soils enriched in clay. Also as a result, clay often appears as coatings on sand, silt, or
larger soil units.

Clay particles stick to one another and so do not behave as individual grains in soil.
Wet clay is usually sticky and can be molded. Some types of clay swell when wet and
shrink as they dry.

As mentioned earlier, specific surface area influences a number of soil properties.
A handful of sand may have a su rface areq about the size of a ping-pong table, while
a handful of clay could reach the area of a football field. It is not surprising that soils
high in clay better retain water and nutrients, Conversely, clay is less well aerated, and
water seeps into it more slowly.,

Gravel and other pieces of stone larger than 2 millimeters in dinmeter are not
considered 1o be part of soil texture. They often are, however, part of the soil and af-
fect its use, as anyone who has picked rocks from a field can testify. Coarse fragments
add lintle 1o specific surface area and contain no pores, so their presence reduces the
water- and nutrient-holding capacity of soil, especially if they occupy more than 15
percent of soil volume. Figure 4-5 lists the USDA size classifications of rock fragments
in the soil.

Textural Classification

Soils usually consist of more than one soil separate; all three are found in most soils. The
EXACT proportion, or percentage, of the three separates is called soil texture. Obviously,
any number of combinations of the three are possible, so soil scientists simplify texture
by dividing soils into textural classes. Soils in the same textural class are similar,

The 12 textural classes are shown in the sofl triangle in Figure «4-6. Each side of
the triangle represents the percentage of one soil separate, A person can measure the
amount of sand, silt, and clay in a 2oil sample and simply read the c¢lass from the tri-
angle. An example included in Figure 4-6 shows how to read the triangle.

Examine the soil classes carcfully. Each corner of the triangle is a class dominated by
one soil separate: sand, sile, or clay. The largest class is clay soil, because clay has the
most powerful effect on soil properties. With as little as 40 percent clay a soil is classi-
ficd as a clay soil,

Another important texiural name is loam, a soil in which sand, silt, and clay con-
trilbute equally to the soil's properties, Sometimes loams are described as having equal
ampenonds of sand, silt, and clay, which is a mischaracterization. The remaining classes
have properties between those of the Tour major classes and their names suggest the
difference. For example, loamy sand is a sandy soil containing enough clay or silt 1o
mke it more loamy.
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Diameter Diameter

Range (mmj) Range (in.)

Gravel 2=75 1/12=3
Cobbles 75-250 3-10
Stones 250-600 10-24
Boulders =600 =24 Flgur

=i Toarn

50 40 30
Percent Sand

Example: Identity a sod that i 409% sand, 22% clay, and 38% siit
1. Find 40 on the side for samnd.
2. Draw a line in the direction of the arrow.
3. Do thve same Tor clay (229) and silt (38%).
4. Tha spol whare the thrae lines coma togethar i5 tha sail
texture, In this casea, the soil is a lbam.

A lexdural name may incude a prefic naming the dominant sand size,

as in “coarse sandy lbam.”

G5

USDA size classification fer stones in the soil.

Figure 4=6

The soil triangle. Each side of the
triangle is 3 soil separate. The
numbers are percentage of soil
particles of that type.

Sand particle size greatly influences soil properties, so for the sandier s0il textures,
the textural class name may be amended by noting the dominant sand fraction. One
might have not just a sandy loam, but a coarse sandy loam; not just a loamy sand. but

a loamy fine sand.

Growers can usually manage soils without knowing the exact soil texture, so a
broader classification is often adequate. One can simply classify soils as sandy, loamy,
or clayey, as described previously, Figure 4-7 shows another approach. The 12 classes
are divided into three broad catepgories—coarse, medium, or fine—based on size of the
s0il separates. Very fine sandy loam is an exception to Figure 47, It is medium-tex-

wred, reflecting the influence of sand size.
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Fine-textured Soils

Soil triangle redrawn to show
fime-, madium-, and coarse-
teatuped 40, AS ExXCesT0n H
wery fine sandy loam, ¢onsidered
s et res Coarse-lextured Soils

Medium-textured Sails

Determining Soil Texture

The amount of sand, silt, and clay in a soil can be measured by mechanical analysis.
Mechanical analvsis is based on the fact that the larger a soil particle, the faster it sinks
in water. For instance. it takes only 45 secands for very fine sand 1o settle through
4 inches of water, bur it takes abour & hours for large clay particles, In mechanical
analvsis, one stirs soil into water and notes how fast soil particles scitle out. This can
be chserved by performing a sedimentation test, in which one measures depth of sedi-
ment at various time intervals 1o determine percent of sand, silt, and clay, or by us-
ing a hvdrometer (o measure water density at various time intervals, The Enrichment
Activitics provides a source of labs for these two methods, and they are available in
numercus lab manuals as well. Sand particle sizes can be determined by running them
through a series of sieves of correct mesh size openings.

An cven simpler test, which can be performed on-site, is the ribbon or feel test. The
te=st is based on the feel of damp soil and how easily it can be molded. All who work
with soil should be able 1o perform ribbon testing.

The procedure for the test is as follows:

Step 1 Obtain a large cnough sample of soil to form @ 05-inch ball. The
sample should contain no gravel or bits of debris_ IT needed, run
the sample through a sieve to remove such material.

Step 2 Modsten the sample 16 a medium moisture level, like workable
putty. Work the soil between the fingers until it is uniformly maoist
and dry lumps are wotted. Note any grittiness, which indicates
sand or the stickiness of clay. Clay also stains the fingers.

-
-
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Step 3 Mold the sample into a 0.5-inch ball and try 1o squeeze it lightly. If
the ball breaks at the slightest pressure, the soil is a sand or coarse
sandy loam. If the ball stays together but changes shape easily, it is
a sandy loam, loam, or silt loam. Finer-texture soils resist molding.

Step 4 Sgueeze out a ribbon between the thumb and forefinger, noting
how long a ribbon can be formed without breaking. Use this guide
to narrow down the choice of textures:

no ribboning: loamy sand

ribbon shorter thaw 1 fnch: loam, silt, sile loam, sandy loam
ribbons 1-2 inches long: sandy clay loam, silty clay loam, clay loam
ribbons 2-3 inches long: sandy clay, silty clay, clay

Stepr 5 Put all the observations together to decide the textural class. Sand
feels gritty, silt feels smoaoth, clay feels sticky. So, for instance,
sandy clay forms a long ribbon yet feels slightly gritty. A short rib-
Iran that feels smooth is a silt loam.

The ribbon test is useful only if one has practiced it encugh to “get a feel® for it. Try
it ot a few times,

Characteristics of Textural Classes

Soil scientists place so0ils in textural classes because each class has properties impor-
ant o its management. One can only generalize about textural effects because other
properties also affect the soil. However, here are a few useful guidelines.

Texture governs the way water behaves in the soil. For instance, water enters
(infiltration) and drains through (percolation) coarse soil most rapidly because of the
large pore spaces. Thus, a coarse soil dries out most quickly after a heavy rain or in
the spring, allowing a grower o get into the field more quickly. Similarly, coarse soils
are more likely to need frequent irrigation. Growers with fine soils are likely to worry
about the opposite problem—dealing with excess wiater.

Fine soils retain plant nutrients better than coarse soils. This is true partly because
the rapid percolation of water through coarse soil leaches out nutrients. Also, clay par-
ticles have the best ability 1o retain nutrient chemicals.

Soil texture influences how easily a soil can be worked. Because clay particles stick
together, it takes more horsepower and fuel to pull teols such as plows through a fine
soil. Landscapers also find it harder and slower to dig holes in fine soils for planting
trees—so texture can even affect what should be charged for landscaping services,

The stickiness of clay also affects the physical condition of the soil. For instance,
fine soils often form clods when they are tilled. A crust may also form on the surface
and interfere with seedling emergence. A fine soil tends to be “tight,” meaning it has
mostly small pores that are difficult for air and roots to penetrate. In contrast, coarse
soils are “loose” and well asrated.

Clayey soils tend to retain more soil organic matter than sandy soils, which
lends them a darker color The higher organic matter content also makes them a
stronger carbon sink, so efforts 1o sequester carbon will be most effective in finer-
textured soils,
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Sand
Whaen sand is mixed into clay, clay par-
ticles surround the sand grains and large
pores are not formed, Very large quanti-
Clay thes of sand are needed to loosen clay
particles soils—enough that sand grains touch and

there Ba't enough clay 1o fill all the gaps.

For most purposes, growers consider medium soils to be ideal. They hold water,
but they do not stay wet too long. They are neither sticky nor hard 1o work, In
general, medium scils have the good traits of both coarse and fine soils, without their
bad traits.

sp w .
Modifying Soil Texture

Growers and engineers use soils for many purposes. For cach purpose, a different soil
texture may be best. For example, corn tends 1o be most productive on a loam, pota-
toes on a sandy loam, and black walnuts on fine-textured soils. Loamy soils are easiest
to use for landscapes and gardens,

Can a grower change soil texture to improve it for the crop being grown? Except
in very small areas, such as golf greens or potting soils, changing texture is impracti-
cal. The amounts of clay or sand to be added are oo large. Figure 4-8 shows the ef-
fect of adding sand to a clay soil to loosen it—eclay particles surround the sand grains
and fill in any pores that mav be created, As a resule, the soil continues to behave
much like clay. To greatly modify clay, enough sand must be added 1o make the sand
grains touch each other and form bridges that exclude clay from the pores between the
sand grains.

There are three ways for growers to take texture into account. First, select a crop
to fit the soil or purchase land that suits the crop. For example, an apple grower may
purchase land with a fine soil on which apples grow best. Second, manage the soil in
a manner that fits the texture. For example, with proper fertilization and irrigation,
coarse soils can be very productive. Third, organic matter can improve texiure ex-
tremes by making sandy soils less droughty and by loosening clay soils.

SOIL DENSITY AND PERMEABILITY

As stated earlier, important physical properties relate to the spaces between soil par-
ticles. For a better understanding of soil pore space, this discussion will work through
a series of related properties, beginning with soil density. We begin here because
the density of soil—its mass per volume—is related 1o the amount of empty space in
the soil.

— RS — —



Density
dineral I:l:_rr.'1r1'|':..": ')

Water 1.0 62.5

Quartz 2.65 166

Feldspars 25=27 156-169
Micas 27-30 169-188 Figure 4-9

Clay minerals 2.0=3.0 125=188 Densities of several soil-forming
minerals.

Particle Density

One could ask how much soil would weigh if there were no pore space. This is
particle dansity (PD), the density of solid particles only. As an example, the PD of a soil
nurcke wholly of quartz sand would be the same as that of a solid block of quartz or

2.65 prams per cubic centimeter (166 pounds per cubic foot).

P varies accarding to the type of minerals in the parent material and the amount
of organic matter in the seil. Figure 4-9 lists the density of several soil-forming
minerals. Mote that the densities are very similar. In fact, there is surprisingly little
variation in the PDs of most mineral soils, PDs in mineral soils average about 2.65
grams per cubic centimeter, a value used as a standard in soil calculations. High
amounts of organic matter reduce the value becavse organic matter is much lighter
than mineral matter.

Bulk Density

Because soil contains pore spaces, the actual density of a soil is less than the PD.
This measurement is bulk density [BD), or the mass of a volume of undisturbed oven-
dry soil.

To measure BD, a core of soil of known volume is carefully removed from the feld.
The soil core is then dried in an oven at 105°C until it reaches a constant weight. This
is called oven-dry soil. The core is then weighed, and BD is calculated. The example
that follows is for a core of 500 cubic centimerters {cm?*) that weighs 650 grams (g):

_ Weight dry soil _

o e e = g fiTMY?
Volume dry soil Lol

_ 850g _ .
BD = So0 e 1.3 gfcm

The BDs of mineral soils depend mostly on the amount of pore space in the soil,
because particle weight is fairly constant. Since BD says something about pore space,
which is important to plant growth, BD is used as an indicator of soil quality. The
higher the BD, the less the pore space. BDs of the topsoils of undisturbed, uncultivated
mineral soils range from 0.8 to 1.2, but become higher when cultivared. Compaction
raises BD, and when typical soils reach a BD of 1.6 or higher, root penetration into
the soil is inhibited. Severely compacted soils can reach densities of 2.2, nearly that of
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concrete (2.4). The BDs of organic soils are much lower, with values of 0.1 to 0.0 being
commaon, while soils rich in sand are naturally of higher density, with values reaching
up to L8, The unit for all these are grams per cubic centimeter, Subsail densities are
always higher; density increases with depth because of the weight of the overburden
and denser structure.

Soil Porosity

Total pore space is a measure of the soil volume that holds air and water. This value,
usually expressed as a percentage, is known as porosity. Thus, a soil with a 50 percent
porosity is half solid particles and hall pore space.

Porosity can be measured by placing an oven-dry soil core in a pan of water until
all of the empty pore space 5 Alled with water. The water volume, which fills the
pore space, divided by the total core volume, is porosity. The water volume, of course,
would be difficult to measure directly. However, the metric system defines 1 cubic
centimeter of water as weighing 1 gram, Thus, if one measures porosity metrically,
water volume and weight are the same. Therefore, the difference in weight between the
dry and the wet cores 13 the wial pore space. This number is converted 1o a percent-
age 1o get porosity. The soil core used as an example before had a volume of 500 cubic
centimeters and weighed 650 grams when dry, When wet, the same core weighed 900
grams. Porosity is thus calculated as follows:

wet wieight gl — dry weight (g) x

soil volume [em’) 10

Porosity =

_ 900 = 850 =
= 500 ® 100 = 50%

Porosity can also be calculated from BD and PD, If there were no pore space, then
BD would be the same as PD. The ratio BIYPD would be equal to 1. The more the
pore space, the smaller the BD and smaller the ratio BDYPD. In fact, the ratio BDYPD
is simply the percentage of the soil that is solid matter. If one subtracts that percentage
from 100 percent, the difference is the percentage of pore space. To make the caloula-
tion, one assumes that PD is 2.65 grams per cubic centimerer. The following equation
can be used to calculate porosity:

= _ BD
Porosity = 100% po X 100

If we substitute the values for the BD calculated earlier:

e =13 -
Porosity = 100% 5.85 % 100 = 50%

The porosity of sand (about 30 percent) is lower than that of clay (about 50 percent).
Figure 4-10 shows that porosity increases at finer textures, Yet common sense tells us
that water seeps into sand very rapidly, but seeps only slowly into clay even though it
has higher porosity. The next section explains why.
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% Figuere 4-10
E Tenture affects soll pores. The
& Veluma of small pores top line shows total pore space
E T in the sail. Clay has the greavest
‘5“ total pone space. The lower line
o shows space in large pores, 5and
5. L agey has the most large pore space.
B The amount of small pore space
,E, Mol of lange: poices lies between the twa lines. Clay
has the most small pore space.
Sand Ry Clay  |oamhasa balance between
Texture large and small pores,
Permeability

Permeability is the ease with which air, water, and roots penetrate through soil. In
highly permeable soil, water infilirates soil rapidly, and aeration keeps roots well sup-
plied with oxypen. Roots grow through permeable soil with ease. We can think of per-
meable soil as being “loose” and impermeable soil as being “tight.”

Permeability depends partially on the number of soil pores, but it depends more on
size and continuity of the pores, The movement of air, water, and roots can be likened
to walking through a maze. If paths arc too narrow, progress is difficult. Progress is
even more difficult when most paths come 10 a dead end. Like a maze with dead ends,
soils lacking large, continuous pores limit the flow of air and water.

Large, continuous pore spaces in the soil, or macropores, occur between large
particles. Therefore, the number of macropores depends on texture, as shown in
Figure 4-10, and permeability must also depend partially on texture. Permeability is
simply a descriptive term with no numerical value; it cannot be measured directly. How-
ever, the movement of water, which reflects permeability, can be measured. Hydraulic
conductivity is a2 measure of the rate of water movement through a soil. Coarse soils
might have conductivities of 1 and 1.5 inches per hour or more, while fine-textured
soils might measure a hundredth of that. Fortunately for those who crop such soils,
another physical property, structure, influences permeability.

SOIL STRUCTURE

Heavy soils would make very poor root environments, except that structure can alter
the effects of rexture, Structure refers 10 the way soil particles clump together into
large units (Figure 4-11). These large units are called soil aggregates. Aggregates that
occur naturally in the soil are called peds, whereas clumps of soil caused by tillage are
called clods.
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GRANULAR .:iqn CRUMB STRUCTURES

Very Fine
(less than 1 mm. diameter)

Fine
(1-2 mm. diameteg)

Medium
(2-5 mm. diameter)

Coarse
(5-10 mm. diameter)

\.. @00 0cccone

Granular structure wnits of two different classes, They were of strong encugh grade that they could be easily sieved cut of a soll sample.

Peds are relatively large, ranging from the size of a large sand grain to several inches.
Spaces between elay particles may be tiny, but the spaces between peds may be large.
Inside the peds are small, water-holding micropores; between the peds are large air-
filled macropores. Well-aggregated soils contain large, continuous pores that promote
good air and water movement and that provide easy pathways for root growth. Good
water-holding capacity is maintained within the peds.

Soil aggregation improves soil fertility and quality by its functions, By improving
permeability, it promotes root growth, seil acration, and infiltration of water into the
soil. Carbon inside the soil aggregates is protected from rapid decay, so it preserves
soil organic matter. Aggregates can hold plant nutrients near plant roots. Finally, ag-
gregation stabilizes soil against water and wind erosion by improving water infiltration
and generating larger particles that move less readily in wind and water. The degree of
soil aggregation is an indicator of soil quality.
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There are many different kinds of structure, and some are better at improving
permeability than others. Soil scientists classify structure according to three groups
of trais,

= Type refers 10 the shape of the soil aggregates (Figure 4-12). We term
the type of structure in Figure 4-11 as granular. The various types are
described later in this chapter.

* Class is the size of the peds, which can be very fine, fine, medium,
coarse, or very coarse. Figure 4-11 show shows two different classes of
granules: fine and coarse to very coarse. The size dimensions for each
class varies depending on the type.

» Grade refers o how distinet and strong the peds are, One grade, struc-
tureless, applies to soils that have no peds. Weak grades are barely
visible in a moist soil, whereas strong peds are quite visible and can be
easily handled without breaking., Moderate grade is in between. The
granules shown in Figure 4-11 are strong; they were separated when
sieved by the author without falling apart, The amount of disturbance
needed to disrupt aggregates varies according to texture, so a sample
of peds in a sandy loam soil might be rated as strong, but still be more
readily braken than another sample of strong peds in a clay loam.

In soil descriptions, structure is named in the order (1) grade, (2) class, (3) type. For
instance, the smaller granules in Figure 4-11 might be described as strong fine gran-
lar stricture.

Structureless Soil

Sand behaves as individual grains, so very sandy soils seldom have much structure,
These soils are called single grain. Sandy soils are naturally permeable, so single-grain
soils have good infiltration rates and aeration,

Figure 412

Types of sail structure,
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Finer soils lacking structure are a solid mass stuck together like molding clay, These
massive soils, as they are called, lack permeability. Massive soil is typical of some C
horizons. Tillage of wet soil may result in massive soil in the A horizon.

Types of Soil Structure

Granular structure is commonly found in A horizons. Peds are small, usually 1-10
millimeters (0.04=-04 inch), rounded in form, and considered the most desirable of
structures. Such structure increases total pore space and lowers BD compared with a
soil lacking structure,

Platy structure is usually found in E horizons. Peds are large but thin, plate-like,
and arranged in overlapping horizontal layers. The arrangement makes discontinuous
pores that reduce penetration of air, water, and roots, Soil compaction can create platy
structure in the A horizon when granules of topsoil are crushed into thin layers.

Blocky structure is typical of many B horizons. Peds are large, 5 millimeters o more
than 50 millimeters (0.2-2 inches) and block-like in shape. If the ped is very angular, it
is termed "angular blocky.” More rounded peds are deseribed as “subangular blocky.”
Blocky structure has medium permeability.

Prismatic structuras tend 1o occupy lower B and C horizons. Peds are large, usually
10 millimeters to more than 100 millimeters (0.4-4 inches), forming angular columns
that stand upright in the seil. If the top of the ped is pointed or flat, the structure is
called “prismatic.” If the top of the ped is rounded, it is termed “columnar.” Prismatic
structure is moderately permeable, whereas columnar structure is slowly permeable.

Formation of Soil Structure

Soil structure forms through a two-step process: the first creates a loose ped, and the
second cements it. First, a clump of soil particles sticks loosely together to form a loose
aggregate that is weak and easily crushed. This is usually by a process of localized
compression, That is, a force compresses a small mass of soil together, separating it
slightly from the surrounding soil mass along a plane of weakness, Compression may
repeart itsell several times 1o the same soil mass, increasing the coherence of the agpre-
gate. Roots, especially of grasses, can surround a soll mass, and as the roots expand,
create the compression. Fungal bodies can do the same, This mechanism tends 1o
dominate in A horizons. Alternate freezing and thawing, and wetting and drying, also
fractures and compresses the soil into separate soil masses, These mechanisms tend to
dominate in B horizons.

Second, weak aggregates are cemented to make them distinet and strong. Clay, iron
oxides, and organic matter may each act as cements. In most soils, microorganisms
provide the best cement, When soil microbes break down plant residues, they pro-
duce gums that glue peds together. Biological cementation tends to glue the granules
of the A horizon, while chemicals cement the blocks and prisms of the B horizon.
Organic materials of an intermediate stage of decomposition function best 1o cement
aggregates, indicating the need for repeated additions of organic matter. Maintenance
of good granular structure in the topsoil depends on a continuous supply of fresh
organic matter.

The large aggregates described here normally contain within themselves smaller
units. These smaller units are largely held together by calcium ions that bridge adjacent
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soil particles, a process called flocendlation, In some soils, sodium displaces calcium
from the soil; these small subunits deffocculate, and structure is degraded. This condi-
tion will be discussed in more detail in Chapter 11,

50il users should keep in mind that structure is not a permanent feature of the soil. It
can be degraded by mismanagement, like frequent tillage with no additions of organic
matter. Or it can be improved by certain cultural practices, for instance, planting a
grass cover. Grasses are particularly good at creating structure, Good structure is one of
the important criteria for soil quality, and to some degree is under the control of soil
users (Figure 4-12),

SOIL CONSISTENCE

Soil consistence refers to the behavior of soil when pressure is applied. It relates 1o the
degree that soil particles stick to one another or other objects and mostly results from
certain types of clay.

The effect of consistence can be best explained by some examples. Loose sand, for
instance shifts easily under pressure; 5o that vehicles may get stuck in dry sand along a
beach. Preparing a seedbed for planting is another example. A grower wishes 1o break
apart large chunks of soil to get a fine sueface to plant seeds in. It is the consistence of
the sail that determines how easily those chunks can be broken down.

Consistence depends on how moist a sodl is, 50 it can be measured at three different
maoisture levels. Each level has its own descriptive terms (Figure 4-13).

Wet Soil. Wet soil is checked for stickiness and plasticity. Plasticity is how
easily soil can be molded between the fingers. To determine stickiness,
some soil is pressed between thumb and forefinger, and the amount that
sticks to the fingers is noted.

Moist Sail. The terms loose, friable and firm apply o soils in the moist
state. Loose soils do not cohere at all. Friable means that soil materials
can be crushed easily under pressure. Technically, a soil is termed

friable if a L-inch block of moist 501! can be easily crushed between the
thumb and forefinger. Firm soils require more pressure to crush a smaller
block of soil.

Stickiness Plasticity Maoist
Monsticky Monplastic Loose Loose
Slightly sticky Slightly plastic Very friable Soft
Sticky Plastic Friable Slightly hard
Very sticky Very plastic Firm Moderately hard
Very firm Hard
Extremely firm Very hard

Consistence terms for soi at
three different molsture levels.
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Dry Soil. Determined by trying 1o crush an air-dried mass of soil in the
hand. Very hard, dry soil, for instance, can be crushed between two hands.

By rating a2 soil for consisténce, one can infer such information as switability for
plowing, likelihood of erosion, or texture. The feel test for texture works because of
the consistence of different soil textures, Often, loose soil is coarse textured, friable
soil is medivm exmwred or well aggregated, and firm soil is tight or fine textured. A
firm soil may lack good structure or be compacted,

SOIL TILTH

Tilth is a general term for the physical condition of a tilled soil, It suggests how easy
the soil is to till, how good a seedbed can be made, how easily seedlings can come up,
and how easily roots can grow. Tilth is actually a combination of other physical prop-
erties, including texture, structure, permeability, and consistence.

Tillage improves soil tilth for a time, improving soil air-water relations for new seed-
lings. It does so by loosening the soil and stirring air into it. Finestextured soils are
most improved by tillage because coarse oils are already well acrated.

Tillage tends to cause a year-by-year decline in soil structure, however, Compare the
topsoil of a cultivated field with that of a nearby fencerow that has not been cultivared.,
Peds from the fencerow will be more numerous, stronger, and of a beter type. The
weakening structure of the tilled soil, in twrn, lowers water infiltration, acration, and
ease of root growth—signs of degrading soil quality.

The next sections detail injuries to soil tilth,

Compaction

Compaction results when pressure is applied to the soil surface, Light compaction in
aggregated soils squeezes soil aggregates together, reducing the size of interped pores.
Further compaction begins to crush the aggregates. In single-grain or massive soil,
pressure forces individual particles closer together. Compaction primarily alters soil
traits related to pores and soil strength.

Compaction can profoundly alter soil traits such as porosity and permeability. Mot
only can peds collapse and particles be squeezed together, but small soil particles
can be forced into spaces berween larger soil particles, Furthermore, generally “flat™
shaped seil units, such as clay particles, which may be randomly oriented in undis-
turbed soil, get reoriented into a horizontal position and become tightly stacked. Total
pore space declines, while the number of micropores increases and macropores are
lost. Some micropores shrink enough to become so tiny as to make the water in them
unavailable to plants. Pores become disconnected, and the pathways for gas and water
movement more tortuous,

Compaction increases soil strength, the degree to which a soil can resist move-
ment owing o pressure. Recall from Chapter 1 that roots must push aside seil to
grow. Put another way, roots grow well only if root pressure exceeds soil strength.
Compaction, therefore, increases the resistance that roots must counter as they grow
through the soil. In most eases, increased soll strength poses the major problem of
compacted soil.
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As a result, severe compaction has the following unfortunate results:

* reduced porosity and permeability

+ reduced air exchange, and a longer residence time for air in the soil,
Oxygen content may fall and carbon dioxide content increase

* decreased infiltration rave of water

+ increased erosion associated with greater runoff

* reduced water percolation, which can leave soils excessively wet
* reduced availability of water that is in the soil

* restricted root growth

= increased evolution of nitrous oxide, a greenhouse gas, from the soil (see
Chapter 5}, with a loss of nitrogen available to the crop, owing to lower
oxygen conditions

* reduced uptake of potassium owing to lower oxygen conditions

Interestingly, roots try to compensate by changing their growth habit. Roots increase
branching and secondary root formation in lightly compacted soils, which can improve
phosphorus uptake. But in severely compacted soils, roots tend to be less branched,
shorter, and thicker. This shape better protects them from higher soil pressure and
increases root pressure that can be exerted o deform the soil enough to allow root
growth, While these modifications aid growth in compacted soil, they also reduce root
effectiveness in gathéring water and nutrients. Roots also become very efficient at find-
ing and following channels in the soil like fractures and channels left by earthworms
and decaying roots.

Compaction is primarily caused by wheel traffic, whether it be wheels on farm trac-
tors and grain cares, large lawn mowers, construction equipment, or off-road vehicles.
Cattle and even human footsteps on paths compress the soil. We can divide compac-
tion into three types: surface compaction, subsoil compaction, and tillage pans.

Surface compaction compacts the top few inches of soil, to the depth of tillage. It
occurs when lighter loads compress the soil, but do not transmit compression deeper
into the soil. Common farm tractors, lighter equipment, or parking cars on lawns cre-
ate surface compaction. In cultivated situations, tillage tends to alleviate surface com-
paction, but in places where tillage is not possible, such as lawns or soccer fields,
reducing surface compaction presents a considerable challenge. Many trée species are
especially sensitive to compaction, so construction and forestry activities can severely
harm tree vigor and health.

While tillage breaks up surface compaction, more severely compacted layers appear
just below the depth of rillage, creating tillage pans. These form over time with re-
peated tillage operations.

Heavier loads applied 1o wet soil create subsoil compaction to depths up 1o 3 feet.
Loads from equipment heavier than 10 tons per axle, typical not of most tractors but
common in grain carts, large combines, and other heavily loaded equipment, compress
the soil severely. Wet soil permits soil particles to slide past each other more easily,
transmitting compression deeper into the soil. In dry soil, soil particles are more fixed
in place, and even heavy loads produce surface compaction only. Subsoil compaction
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greatly restricts deep yooting and water percolation. In dry years, plants may suffer
stress from lack of access to deeper soil water; in wet years, water may hang above the
compaction, keeping it waterlogged.,

The degree of compaction relates to the natural compressibility of a soil, its moisture
content, axle weight, inflation pressure of tires, and how often equipment is driven on
the soil. Fine-textured soils and wert scils are the most compressible, Large rounded
grains of sand contact each other at several points, so they do not compress easily.
Silt is more compactable. Under wet conditions, flat clay particles realign horizantally,

rather than be randomly positioned, packing tightly, Furthermaore, a high water content
weakens the binding of soil particles within a ped.

Compaction has varying effects on crop yield. Research indicates these effects:

* Any degree of compaction decreases vields when conditions are wet.

* Slight compaction may improve yields under normal conditions, espe-
cially on sandy soils that could use a few more micropores.

* Moderate compaction can improve yields in dry soils during dey years by
increasing micropore space in order to hold water. Moderate compaction
can also improve seed germination by ensuring good soil/seed contact.

* Severe compaction always inhibits production,

* The finer the soil texture, the more damaging is compaction.

Compaction is a problem for all soil users. Virtually all landscape sites are badly
compacted by construction equipment. Parks and recreational areas suffer from the
pressure of countless fooisteps, mowers, and offroad vehicles. Logging opcrations
compact forest soils. Compaction is most severe in these nonfarming areas, such as
football fields, because the land cannot be plowed,

Other forces as well as surface-applied pressure create compaction. Vibration in-
creases soil settling and sifts small particles into larger pores; this can be a problem
near large construction sites or roads, Repeated heavy rainfall and flooding does the
same, and may be one of the most damaging, long-term results of a flood,

The natural processes that create structure can slowly repair a compacted soil. Re-
peated freezing/thawing cycles, for instance, may fracture compaction—but not where
the soil never freezes, nor where it freezes solid for the whole winter. Rather than wait
for natural action, it is best to avoid compaction or to break it up with machinery.,

Compaction can be measured in two ways. The most accurate is to compare the BD
of the compressed soil 1o that of nearly unaffected soil. An average uncompacted tilled
loam might have a BD of about 1.3 grams per cubic centimeter. Compaction by farm
equipment can raise BD to 1.8. This amounts to a reduction of pore space from 50 per-
cent to almost 30 percent.

Simpler, but less precise, is the use of a cone penetrometar (Figure 4=14). A rod with
a cone-shaped tip is pushed into the soil, and a dial reads the pressure needed o pen-
ctrate the soil. The more compacted the soil, the greater the resistance (o penctration.
The result is an index that can be compared to a nearby unaffected soil. Unfortunately,
soil type, moisture level, and stoniness also affect the result. IDW soils diﬁPla?‘ much
greater soil sirength than moist soils, because soil particles will not s“.m .madl]? past
each other, and so are harder lo penetrate. Use cone penelrometer indices best by
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A digital cone penetrometer mea-
sures soil compaction in a habitat
réstaration praject in Minnesata,

comparing nearby plots of the same soil type and moisture level, or the same soil at
the same moisture content over time. They are also handy for detecting subsoil com-
paction, because the reading will jump when a compacted layer is hit. With practice, a
probe like a long screwdriver or survey stake can substitute for a penetrometer to form
some notion of compaction on a site.

Direct Aggregate Destruction

Plowing tends 1o create large aggregates as it flips the soil over, However, other tillage
aperations, such as cultivating, tend to crush soil aggregates. High-speed rototillers are
especially destructive because they batter agpregates apart. Many gardeners favor the
fluffy, loose bed created by rottillage, but over the long term, structure is hurt,

There are two reasons why tillage destroys aggregates. First, by stirring oxygen into
the soil, tillage speeds up organic matter oxidation. This loss, in turn, reduces the
amount of “organic glue” that holds peds ogether. Second, tillage wols smash the
now-weakened peds,
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Puddling and Clods

Working wert soil greatly harms tilth, especially in soils high in clay. When pressure is
applicd to very wet soil aggregates, they fall apart. This results in a condition known
as puddling—the conversion of aggregated soil inte massive soil. Puddled soil is very
dense and tight. In face, it is done on purpose in some rice paddies, canals, and reser-
voirs to keep water from leaking away.

Working soil that is either too wet or too dry can alse break up soil into large, seemingly
indestructible elods. Soils with a hard consistence are most likely to form such clods.

Surface Crusts

Mosr forms of tillage bare the soil until the crop grows large enough to cover the soil.
When raindrops hit this bare surface, their impact breaks apart peds on the surface.
Free soil particles then splash around, washing into spaces between large particles and
sealing the surface. As soil dries, this sealed surface hardens into a crust. The higher
the clay content in the soil, the more severe the condition,

Water filters into the soil through pores open to the surface. By clogging the larger
pores that are conduits for water movement, infiltration slows dramatically. Aeration
suffers as well, Crops may experience water stress because less water is stored in the
soil, and the water that did not enter the soil runs off the surface, carrying soil parti-
cles and eroding the surface. Because infiltration is slowed, irrigation must be applied
more slowly for longer periods.

A hard crust creaies a barrier to seedling emergence, causing an erratic stand in the
field and production losses. Interestingly, just as root architecture responds 1o soil
compaction, so does the emerging shoot respond to the barrier by becoming thicker
and shorter.

Crusts may be broken by light cultivation, but can re-form with further irrigation or
rain. Keeping the soil covered with vegetation or mulch and maintining aggregate
strength are more effective solutions.

Improving Tilth

As noted earlier, tilth relates to the properties of texture, structure, permeability, and
consistence, However, texture and consistence cannot, in most cases, be changed.
Therefore, improving tilth is largely a matter of improving structure and avoiding com-
paction or crusting. The following practices can help protect or improve tilth:

* Mever work wet or guite dry soils. Unfortunately, the demands of grow-
ing a crop or scheduling activities, such as landscaping, can interfere
with this rule.

» Avoid unnecessary traffic over the soil. If possible, set aside paths
through Gields and nurseries to limit driving on the soil. If possible, drive
only on dry or frozen solls,

* Use controlled wraffic in the field by seting the wheel base on all equip-
ment to the same width, Then always drive in the same rows. While the
wheel tracks will compress more severely, the remaining rows will be
compaction free.



* Use equipment with the lowest practical axle weight.

Large or dual tires do not seem to reduce compaction greatly, but they
spread it over a wider area. Flotation tires with low inflation n_'\ducc the
pressure applied to the soil surface,

Reduce the number of tillage operations. One can reduce trips across
the field by combining operations or by simply not repeating them so
many lnes,

Some modern tillage practices, called minimuny or reduced tillage, use
less tillage. This is covered in Chapter 16G.

* Deep plowing, or subseiling, can break up tillage or natural hardpans,
resulting in deeper penetration of water and pJ;ln: roots and improved
yvields, The benefits may be shoet-lived, however, because further tillage
reforms the compacted layer.

« Wherever possible, keep the soil covered by vegetation or mulch. Crops
that fill in between rows quickly and crops that form complete cover, such
as alfalfa, protect soil from raindrop impact. Tillage that leaves a lot of crop
residue on the soil surface also helps by creating a mulch (Figure 4-15).

* Incorporaling grasses into a orop rotation improves structure, and as
little as three years of continuous grass cover can limprove structure on 3
degraded zoil.

Avoid, bare-fallow treatments, which destroy soil structure.

Frequently add organic matter to the soil. Growers can leave crop resi-
dues in the field and spread manure. Gardeners and some organic

Corn residues in the
coom in lowa actsas
that protects sofl e
impact and redupos
temparature. (Cour!
Natural Resourees
Servicel
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farmers use compost. Lawn clippings, leaves, and any other source of
arganic matter can be useful,

= Grow “green manure” and cover crops (Chapter 10) as part of crop-
ping practices. Plant roots help create loose aggregates, while decaying
organic matter glues them together. Tap-rooted plants such as alfalfa also
help break up hardpans.

* Treat high-sodium soils with gypsum to remove excess sodium
(see Chapter 11) and manage high-sodium irrigation water
correctly (Chaprer 9,

Soil Channels

To micropores and macropores, we could add a third type of soil pore: large, contin-
ous channels that begin at or near the surface and lead deeper into the soil. These may
ke created by cracks in the soil, but more often are biclogical in origin. Earthworms
create most of the channels as they drag food from the surface into their burrows,
and decayed roots leave soil channels behind. These channels caused by soil life are
termed biopores, and are very important in undisturbed soil.

Biopores greatly enhance soil aeration and water infilteation. Water on the soil
surface, as well as air, can quickly move deeper into the soil down these chan-
nels. Roots also tend o follow these channels, particularly in hard soil, We consider
these channels to be generally beneficial to soil function, but such paths can also
speed downward flow of pollutants such as pesticides and nutrients, possibly cndan-
gering proundwater.

Water only enters those channels that are open to the soil surface, unless the soil is
completely saturated. Tillage erases the tops of these channels, preventing water from
entering them readily and reducing their effectiveness, while no-till soil management
(Chapter 16) preserves them. They are also promoted by leaving organic matter on
the soil surface for earthworms, and by other means of enhancing earthworm
populations (Chapter 5).

SOIL PANS

An earlier section of this chapter mentioned plowpans, Any layer of hardened soil is
called a pan. Pans restrict deep rooting of crops and deep percolation of water, and
can be a serious hindrance to cropping. Water may also perch atop such layers, hinder-
ing drainage and causing saturation in the root zone.

Growers create plowpans, but other types are natural, Here are some examples:

+ Claypans occur where extreme illuviation has caused a very high clay
content in a subsail layer. The layer is quite dense,

= Fragipans, like claypans, resull from elay accumulation. Here the clay
binds soil particles into a hard, brittle layer,

* Plinthite layers are cemented by a special type of clay commeon to the
tropics. When plinthite dries, it hardens into a brick-like substance; the
process cannot be reversed by later wetting. Plinthite commonly renders
tropical soils poor for agriculture,
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+ Caliche and duripans are layers of s0il in which chemicals cement
soil particles together, Lime cements caliche, typically a white, hardened
layer found in arid regions. Many soils of the American Southwest
contain caliche, an obstacle that may need o be broken up when
plaming landscapes.,

SOIL TEMPERATURE

As indicated in Chapter 1, soils in the growing regions of the world maintain a tem-
perature balance over the growing season that is mtisfnctor}r for plant growth., Soil
temperaiure depends on several interacting factors of energy inputs of sunlight and air
temperature, soil's absorption and conductance of heat, and loss of heat at the surface,
Because soil is warmed by sunlight striking its surface, soil emperature responds to
the amount of solar energy received. Cold air absorbs heat from the soil, and thereby
lowers soil temperature, while warm air can lend heat to the soil,

Soil temperature varies according to the amount of solar energy absorbed. Dark-
colored soils absorb sunlight energy readily, while light-colored soils reflect a greater
proportion of sunlight and remain cooler. Any material covering the surface also af-
fects light absorption, including mulches or crop residues or shading from above by
EEUP or tree Cﬂ.l‘lDPiES.

For soil to warm below the surface, heat must be conducted deeper into the earth,
Soil does not conduct heat well; in a sense, soil at any depth is insulated by the mate-
rial above. As a result, during the summer deeper soil is cooler than surface soil, while
in the winter, it is warmer. Certain mulches also insulate the soil surface, reducing heat
conductance into and out of the soil.

Energy received at the soil surface must warm not only soil particles, but also water
contained in soil pores. It takes five times the energy to heat water than to heat soil
particles; that is, it takes five times as much energy to heat water by one degree than to
heat, say, dry sand by one degree. Therefore, it takes much more energy to warm wet
thin dry soil. As a consequence, dry gail warms up much more quickly, and reaches
higher soil temperatures, than does wet soil. Evaporation of water from the surface
of damp soils also cools the soil. One practical effect is that sandy soils, which hold
less water, warm more quickly in the spring than finer-textured soils, and so can be
planted earlier in the year. This is important for growers of produce that receive better
prices when they get to market sooner.

Soil moisture, for the same reasons, affects the conductance of heat into and out of
the soil. The movement of heat energy deeper into the soil in the summer is slowed
by having to heat the water it encounters. Similarly, in the winter both soil particles
and water must give up heat for soil to cool, As a consequence, in cold climates frost
intrudes deeper and more quickly into the soil if ground énters the winter dry.

Soil temperature varies on all time scales: daily, seasonally, and even over much lon-
ger periods. The degree of variation depends on depth. The surface of a bare, dark soil
rises dreamatically during the day, and cools at night. Sueface temperatures of unshaded
s0il can even reach temperatures that damage seedlings of some plants. Heat canker
is the thermal death of plant cells at the soil line, and is an issue for seedlings because
they are tender and do not shade the soil. Carrots, sunflowers, small grains, and ever-
green seedlings in nurseries can be prone to heat canker,
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Soil Temperature: Five Days in June, Minnesota

The chart abowve shows several temperature readings frem June 15 through 19 under bare soil and sod at a location in
Minnesata. The Blue lines are taken under bare soil. At 1-centimeter depth (about 0.4 inch), hourly soil temperatures
vary wildly, peaking as high as 130 degrees on June 15 at 3:00 p.m. and falling to 52 degrees late at night a few days
later. At 40 centimeters (about 16 inches), there s little daily variation. Also note the delay effects—the deeper the
reading, the more delayed the temperature peaks and valleys. At 120 centimeters (about 4 feet), there is no measur-
able daily variation, but simply a slow rise because deeper soils slowly warm from winter cold as heat is conducted
downward from above, The brown line displays readings taken at 1 centimeter under sod. The insulating effect of sod
is evident, with the average temperature at that depth being lower, and temperatures not rising nearly as high during
the day and falling less during the night. Organic mulches have similar affects. Cooler soil temperatures later in the
period reflect a short-term cooling trend in the weather.

Adapted from Hourly Soil Temperatunes, 620/07, 51 Paul Campus Climatological Observatory,
Department of Soil, Water and Climate, University of Minnesota.
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As one measures deeper in the soil, daily variation diminishes rapidly, as shown in
the accompanying sidebar. Daily variation quickly declines even at shallow depths,
and deep in the soil profile, there is little or no daily variation.

Similarly, soil temperature varies seasonally in response to L‘]'iang,lng levels of light
energy and air temperature. The so0il surface experiences the quickest and most severe
temperature cycle, while temperature deep enough varies little over the seasons, Deep
soil also lags surface conditions, so deep soil reaches its lowest temperatures after the
coldest winter conditions are past, and its warmest temperatures after the hottest days
of the summer.

On an even longer time scale, deep soil temperature responds o long-term climate
change. Temperature records measured 40-feet deep in the earth beginning in 1962 at
the University of Minnesota reveal a significant temperature rise (34°F) at that depth.
Seasonal temperature responses are negligible at this depth, so the rising temperatures
indicate long-term warming in Minnesota.

Temperature Effects

Soil temperature is critical to the grower because it affects seed germination and root
prowth, as well as water and nutrient availability and biclogical activity.

Each crop has a range of proper temperatures for germination, with a minimum be-
low which seed does not germinate, an optimum for best and most rapid germination,
and an upper range. Above that, seeds may fail to germinate, die, or enter a dormant
state. In field growing, soil temperature determines planting date, Cool-season crops
such as peas that can germinate in cool soil can be planted early in the spring, while
warmer season crops must be planted later.

Weed emergence also responeds to soil temperatures; for instance, in turf of the author's
home state the timing of preemergent herbicide application depends on soil tempera-
ture. In greenhouses, germination temperatures are controlled for optimum results.

Root growth also depends on soil temperature, with species-specific responses.
Warm-season crops such as corn or tomatoes grow best at warm soil temperatures,
while peas and other cool-season vegetables prefer cooler temperatures. Therefore,
soil temperature also partially determines when things like tomato transplants are
planted; if installed too early, roots fail o develop in the cold soil. Cool-season turf
grasses common 1o northern states stop growing at soil temperatures above 75°F, caus-
ing stress during hot spells and preventing their culture in warm climates, Root injury
due to very high soil temperatures often occurs in plants grown in containers when
sunlight strikes the containers.

In addition, soil temperature influences the availability of nutrients and the ease of
water uptake for plants. In cold soils, both nutrient availability and uptake decline, so
nutrient problems occur in cold soils. Phosphorus uptake is particularly slow, which
affects how growers fertilize in cold climates. Cold seil also slows water uptake by
plants; students prone to letting their houseplants wilt might try watering with slightly
warm water for a quicker response by that limp peace lily.

When soil temperature is higher than air temperature, the soil warms the air above
it. During the night, soil temperature is often higher than air temperature, and during
the fall and spring, warm soil may protect tuw-gmwing craps from night-time frosts.
Because moist soil holds more heat than dry soil, this frost protection is most effective
if the soil is kept bare (not insulated by mulch) and damp.
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Winter sail temperatures influence survival of vegetation. Plant rosts are much less
tolerant of cold temperatures than above-ground plant parts, so abnormally cold win-
ters lacking an insulating snow cover can induce winter injury. In cold climates, out-
door plants growing in pots must be protected during the winter.,

Soil temperature also has an effect on the biological activity of soil microorganisms;
below about 40°F, most are essentially dormant. Therefore, many of the biological pro-
cesses described in the next chapter are strongly influenced by soil temperature, For
instance, the biological activity that converts ammonium nitrogen to nitrate nitrogen
slows dramatically below 50°F, 20 in colder climates application of anhydrous ammonia
during fall should wait until soil has chilled.

Managing Soil Temperature

Soil temperature responds to natural conditions that growers have little control over
such as light intensity and air temperature. Watering soil can help keep it cool; indeed,
watering cool-season turf during periods of heat stress is the only protection a homs
egwner can offer. Some soil manipulations can raise spring soil temperatures, such as
plowing in the fall, and planting on ridges, (Chapter 16). However, the most elfective
means of managing soil emperature is mulching,

Growers use mulches to hold moisture in the soil and suppress weeds, but mulches
also affect soil temperature. Three broad classes of mulches are in common use: or-
ganic materials, inorganic materials, and plastic sheeting. Each has different effects on
soil temperarure,

Organic mulches consist of materials like crop residues left on the soil surface
{(Figure 4-15), straw, leaves, or wood chips. Such materials conduct heat about 10 times
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more slowly than soil, and so have strong insulating properties. They also intercept
sunlight so that it does not directly raise the surface temperature of the soil. Organic
miilches moderate soil temperatures, keeping it cooler during the day and warmer
at might, but reducing average soil temperature during the summer. Conversely,
organic mulches slow heat loss in the winter, keeping soil temperatures higher, There-
fore, arganic mulches are often used o protect roots of plants whose roots may be
damaged by severe freezing. Sod insulates soil as well, and helps protect plant roots
during winter,

Inorganic materials mostly include greavel of various kinds, which conduct heat eas-
ily, and has little insulating value. Therefore, they do not moderate soil temperatures
to the degree of organic materials. Landscapers in cold climates should avoid rock
mulches on plants with marginally hardy roots.

Plastic sheeting tends o raise soil temperatures. The emperature of black plastic
rises dramatically under sunlight, and some of that heat is conducted into the soil
below. Growers of heat-loving, high-value vegetables often plant through black plastic
laiel out on the ground (Figure 4=16) to increase soil temperature, promote growth and
productivity, suppress weeds, and shorten time to harvest. Clear plastic warms the soil
even more by letting sunlight pass through the plastic 1o warm the seil directly, but
preventing heat from escaping. In hot, sunny climates, soil under clear plastic gets hot
encugh to kill weeds and pathogens, so can be used as a soil sterilization treatment.

SOIL COLOR

While soil color is easily noted, it does not itsell greatly affect the soil except for its
cantribution to temperature. However, color indicates much about soil conditions, and
is an important part of sail description.,

Soil particles themselves display little color; most are particles of minerals that are
nearly white ar colorless. Color appears when particles become painted with some
coloring agent. These coatings consist primarily of decayed organic material, which is
bBlack and darkens the soil, and iron minerals. Iron occurs in several mineral forms,
each of a different color, and it is the amount of soil oxygen that determines the iron
compounds present.

With ample soil oxygen, iron is mostly present as the ferric species, or Fe*?, the oxi-
dized form of iron. In the absence of oxygen in waterlogged soil, iron is chemically
reduced to the ferrous species, or Fe*?. While ferric, or oxidized, iron compounds come
in shades that are reddish or yvellow, ferrous-iron compounds appear gray or even blu-
ish. Soil bacteria perform the chemical reduction as they consume carbon in an envi-
ronment that lacks oxvgen.

Soil may also display whitish deposits that indicate accumulations of salts and lime.
Soil color, then, can be a useful guide to organic matter content, drainage ancd aeration
(Figure 4173, and the presence of salts.

Color as a Guide to Soil Use

Soil color can be a useful guide to the suitability of the soil for various uses. Here are
some ideas.

a1
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Descriptian

Very poorly drained
Poorly drained
Somewhat poorly drained

Moderately well drained
Well drained
Excessively well drained

in lewvel or low spots, black topscil with gray color under the A or AB horizon, water table very
near surface much of the year

High water table part of the year or impermeable subsurface layer, gray or black surface, gray B
horizon with brownish mottles at 6-20 inches

Gray or brown A horizon with brownish upper B horizon, gray and rust mottles between &- and
H0-inch depth

Fairly bright calars in upper B herizon, few mottles between 20- and 40-inch depth
Free of mottles above 40-inch depth, may be a few mottles below 40 inches
Sandy soils with rapid permeability. shallow soils on steep slopes, soil free of mottles

Guide for determining soil drainage class uiing soil color. (LEDA)

Dark Brown to Black

Dark topsoil colors result from organic matter or dark parent materials, vsually the
former. The organic matter accumulation that creates dark colors arises from two situ-
ations, which can often be distinguished by smell:

= Organic matter can reach very high levels in soils that are usually water-
logged. Such soils often have a sour, oily smell.

* Organic matter can also reach high levels in adequately aerated soils, es-
pecially prairie soils. These soils have the earthy smell of good soil, and
may have good fertility.

White to Light Gray

This color may indicate that the chemicals that color soil have leached out. It may be
seen in heavily leached sandy soils and E horizons, White color may also be due to
accumulations of lime, gypsum, or other salts. Fertility of these soils may be compro-
mised by leaching or accumulation of salts.

Light Brown, Yellow to Red
These are the colors of oxidized iren minerals, chemically similar to rust. Such color indi-
cates adequate drainage because there is enough oxygen in the soil to form the oxides.

Bluish-gray

These colors, called gley, are the color of reduced iron compounds; their presence
indicates a lack of oxygen in the soil layer in which they are found. Gleying typi-
cally occurs in the B horizon. The depih of gleyving indicates how deep the soil
saturates (Figure 4-17),

Mottled Colors

Subsoil shows patches of differemt colors, often spots of rust, yellow, and gray
(Figure 4-18). Mottling in the subsoil suggests that the soil s watlerlogged for part
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Figure 4-19
= =l Munzell color chart being used to determine soil color in Nebraska,
Excavation for a basement in Minnesota reveals soll mottling, visible in These are gleyed colors, indicating solls with poor drainage.
this clump of soil., [Courtesy of USDA, Natural Resources Conservation Service]

but not all of the year. Some wetland plants transport oxygen to their roots, leaving
rust-colored zones in an otherwise gleyed s0il around their roots. Because mottles re-
sult from oxidation-reduction reactions involving iron, the preferred technical term for
mottling is now redoxymorphic feature.

Clearly, soil color indicates drainage, Broadly speaking, a very black topseil that feels
soft and squishy with an off-smell indicates a decayed organic surface horizon typical
of very wet soils. Gley near the surface also indicates very poor drainage, while gley or
maottling a hit deeper in the soil indicates less severe drainage problems. Figure 4-17
shows a classification system for soil drainage based on seil color. Those who must-or
at least, should—analyze soils with which they will be working, such as landscape de-
signers, ought to examine at least the upper parts of the soil for color.

Describing Soil Color

A simple description of a soil as “dark” would not be adequate for n soil survey.
Soil surveys rely on a system that provides a precise description of soil color, the
Munsell color system of color notation.
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Using the Munscll method, the surveyor matches the soil to standard color chips
(Figure 4=19), The Munsell svstem identifies each chip with three variables:

* Hue is the color, such as red or vellow.

+ Valwe is the lightness or darkness of the hue. Value is denoted by num-
bers 0 to 10, where 0 is black, each subsequent number represents a
lighter color, and 10 is white.

* Chroma is the purity of the dominant color, and is also denoted by a
number. Low chroma suggests muddy colors.

Using the Munsell system, a soil might be labeled 10YR 3/6. Here, this soil has the
hue 10YR, a yellow-red; the value 3 (dark), and the chroma 6. Each Munsell color des-
ignation has an associated color description; in this case, the soil is described as dark

yvellowish brown.

SUMMARY

The most basic physical property of soil is texture—the
proportion of sand, silt, and clay, All the possible varia-
tions of the three are divided into 12 textural classes.
These classes range from the coarsest, which is sand,
to the finest, which is clay. Medium-textured soils are
called loams.

Texture strongly affects how growers use soil. Coarse
soils are easy 1o work and dry out quickly. They warm
up early in the spring, but do not hold nutrients well.
Therefore, coarse soils perform best with irrigation and
proper fertilization. Fine soils hold water and nutrients
well, but they are more poorly asrated unless of good
structure. Fine soils tend 1o stay wet later in the spring
and are more difficult 1o work.

The ease with which air, water, and roots move
through soil is called permeability. Permeability largely
relates (o the number of large, continuous pores. Pore
spaces lie between the textural units of sand, silt, and
clay, or between the structural units of grains and
blocks, and in soil channels like biopores, Coarse
soils, because of their large sand content, are naturally
permeahle. Finer soils depend on structure, the aggre-
gation of soil particles into peds, 1o create large pore
spaces. Structure forms when root masses, Mreezing/
thawing cycles, or other forces create loose aggregates,

which are then cemented by chemicals or gums exuded
by soil organisms. Biopores are larger channels like
carthworm burrows and decayed root channels,

Consistence measures traits such as stickiness, plastic-
itv, and friability. Soil tilth, the physical condition of
the soil for growing plants, results from the interaction
of consistence, texture, structure, and permeability,
Tillage, done correctly, improves the tilth of a seedbed
in the short term. In the long term, tillage can cause
compaction, crusting, puddling, or deterioration of
structure, Minimizing tillage, adding organic mateer,
and working soil at the proper moisture level preserve
tilth, Some soils contain hardened soil pans such as
plowpans or caliche.

Seed germination and plant growth are strongly
affecied by soil temperature. Some crops, like corn,
perminate best in warm soil while other crops, like
peas, accept cooler soils. Growers can change soil tem-
peratures by using mulches, Organic mulches lower the
average soil temperature, while plastic mulches raise it

S0il color is an indicator of soil conditions. For in-
stance, dark color in the topsoil suggests a high amount
of organic matter. Gray or mottled colors suggest slow
drainage. Soil scientists use the Munscll system (o iden-
tify soil color.
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. Physical Properties of Soil

Which are likelier to have a higher oxygen
content—pores within soil peds or pores between
50il peds? Explain your reasoning.

What should professional gardeners do to
maintain or improve struciure in the gardens they
care for?

Equipment operating on a construction site
during wet weather strongly puddles the soil.
Has this changed particle density? Bulk density?
Texture? Structure? Permeability? Explain

VOUr Answers.

What elfect would you expect the addition of
large amounts of organic matter to have on

BD? Explain.

What would be the effect on roots if BD of a soil in-
creased Mrom 1.3 1o 1.8 grams per cuble centimeter?
What could cause this increase?

Looking at Figure 410, what soil textures give the
best balance between micropores and macropores?
What would be the effecs?

In choosing a site to build a home with a basement,
would you prefer one with a gray subsoil or a light-
hrown subsoil? Explain your answer.

Diraw three soil matrices, one each for a soil layer
with granular, blocky, and platy structure. Draw in
the path that water would have to follow to perco-
late through these soils. What does this say about
effect of structure on percolation rate?

What soil textures would be best for the following
uses, according o Appendix 57

pormanent grass pasture

bare root nursery

ball and burlap nursery

woodland wildlife habitat

hiome Seplic Sysiems

L

ENRICHMENT ACTIVITIES |

1.

10

11.

12.

14.

15.

. The ideal soil has about 50 percent porosity. Using
one of the formulas presented here in the discus-
sion of porosity, calculate porosity of a soil that
has been compacted 1o a BD of 1.9 grams per cubic
ceatimeter, How does this compare to the ideal?

If you mix a cubic yard of a large particle like com-
posted pine bark chips with a cubic yard of a finer
particle like sand (one might do this to create a
potting soil for nursery containers), you will get less
than 2 total cubic yards, Why?

We take a 100-gram sample of seil, and sieve out all
the particles larger than 2.0 millimeter, removing 15
grams. The remaining portion contains 32 grams of
sand and 28 grams of silt. What texture is the soil?
What percemtage of the original sample was clay?
From a textural view, what percentage is clay? What
percentage was coarse fragments?

. We carefully dig an evergreen out of nursery, with
the roor ball intact, and insert it into a pot, If the
BD of the soil is 1.2 grams per cubic centimeter,
angd the volume of the pot is 8 liters (8,000 cubic
centimeters, about 2 gallons), what would be the
weight of the soil? What moisture content of the soil
does this apply to (hine: consider definition of BD)?

A soil sample weighs 150 grams when dry and has
a volume of 107 centimeters. What is the BD and
porasity of this soil? Assume a PD of 2.65 grams
per cubic centimeter,

A case study: In 2002 there was a lot of discussion
in the local media of the author’s home city about
damage to state parks caused by all-terrain vehicles
(ATVS) riding off designated paths, particularly the
practice of “mudding"—purposely driving in muddy
areas. Analyze possible effects of heavy ATV use on
the soils of forested parks.

Obtain soil samples of different known textures and practice the ribbon test. Then try o identify some un-
known samples. Practice the Munsell color system on the same samples.

For directions for a sedimentation test, try htips/Swww.gardening.cornelledu/landscape/ assessment_chapters)
step_8.pdf, For a procedure using a hydrometer, try hupsdwww.icrisatorg/OnlineResources/SoilTexture.htm,
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Obtain soil samples from an old fencerow and the neighboring field. Observe the differences in strucrure and
color, Explain,

Trv this method of measuring BI) Dig a small hole in the ground, saving the soil for later measurement, Line the
hole with a plastic bag, and measure the volume of water it takes to fill the hole. Now oven-dry the soil, weigh
it, and calculare BD,

For more information about the Munsell Coler System and color pictures, check the Wikipedia site for the Mun-
sell svstem on the Internet. An Internet search will locate it

The Soil Science Educanion Homepage (SSEH), designed for high school students, has good drawings and photo-
graphs of soil structure at hitp:/Soil.gsfe.nasa.gov/pvefpropl.him,

The University of Minnesota has a good publication on compaction on the Web at http://www.extension.umn.
edu/distribution/cropsyvstermns/DCT400. html.

Design and carry our a test to observe the effect of stoniness on water-holding capacity. Use two identical pots,
some dry coarse-textured soil, gravel, and water. Record your method and resulis,
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TERMS TO KNOW

logical organisms make soil be a soil, rather than, say, sand in a sandbox.

actinomycnte microfiors
avrobic miCreorganism
algas mitrseralizatinn
anaerohic mycelivm
antagonksem mycorthizas
arthropod nEMatode
autotroph nitrogen fixation
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of g = B & carbon cycle gen flxaticn
! . » atte
After completing this chapter, you should be able to: feCOMpoten 2pdprte s
¢ denitrification parasie
= define the carbon cycle and explain its importance datritus predator
= briefly describe soil organisms | fungi Pimany consurmer
« list ways that soil organisms are important heterotroph My prochce:
it 13t fE ficial sail v hasmius POTOROan
= describe how to promote populations of beneficial soil erganisms (il rhizesphere
| immohbilization saprophyte
| ineeulation Second iy Consumor
’ r . - ¢ . | solarization
We live in a world teeming with life, yet few people know the creatures |  mecrofauna :
. A - oy = mesofauna symbicnt
inhabiting the soil beneath our fect. Every acre of soil is home to two or N symbicsls
more tons of living things (Figure 5-1). Soil results from physical, chemi- Lo ; ;
. . R EE methanagenesks symbdotic nitrogen
cal, and biological forces acting on the earth's surface; the activities of bio- e e fixation

What are these organisms, and why are they so important (o agricul-
ture and ecosystems? It has been suggested that a teaspoon of fertile soil
hosts thousands of separate species of such organisms. That teaspoon
could contain:

= 100 nematodes

* 250,000 algae

* 300,000 amoeba

= 450,000 fungi

= 11,700,000 actinomycetes
100,000,000 bacteria

We have a lot more to learn about the ecosystem that functions in the soil;
numerous organisms remain o be identified. This chapter will introduce
many of the arganisms we Know, their important functions, and how they

can be managed, We begin with the soil food chain and the carbon cycle, a7



Soll teems with life. Life helps
make soil the way it s,

THE SOIL FOOD CHAIN AND
CARBON CYCLE

A food chain is 4 model of how food—which is o say, carbon and encrgy—moves from
one organism to the next. All organisms ane part of some food chain. Food chains op-
enie above the ground and in the soil, and they interconnect, The base of most food
chains, both above and in the soil, is photosynthesis by plants. During photosynthesis,
two events ocour that make life possible. First, carbon dioxide in the air is changed o
organic carbon, the building block of living tissue. Second, photosynthesis converts
solar energy to chemical energy stored in sugars and other energy-rich compounds.

Life forms, mainly plants, that manufacture their own food and form the base of the
food chain are said 1o be primary producers. Some other creatures eat the plants, and
s0 are primary consumers. Predators that consume primary consumers are secondary
consumers, and so on up the chain, Carbon and encrgy move up the food chain from
plants 1o the highest level.

If the food chain comained only producers and consumers, the chain would collapse
and all the world's carbon would be fixed in the bodies of dead life. This does not hap-
pen because another type of food chain breaks down and recycles dead organisms,
called the detrital food chain, Detritus is simply dead organisms or their products, such
as crop residues, fallen leaves, or animal wastes, and when it enters the sail, we call it
soil organic matter, While the regular food chain is based on plants, the detrital food
chain is based on detritus. The soil is the main location of the detrital food chain,

Decay organisms, or decomposers, consume organic matter as a food source, return-
ing most of the carbon 1o the atmosphere as carbon dioxide by their own respiration,
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leaving behind a residue called humus. In the process, plant nutrients that were tied
up in the bodies of plants and animals are released. This is the grandest function of
sail life: the recyeling of carbon and nutrients. If we combine both food chains, we

have a grand cyele of carbon on earth, called the carbon cycle, shown in simplified
form in Figure 5-2,

In the complex ecology of the soil, there are five roles of interest to those who
study soil:

* Producers include mostly plants and a few microorganisms. They pro-
duce their own food from inorganic carbon (like carbon dioxide) by
photosynthesis or by certain reactions with soil chemicals. The technical
term for producers is autotrophs, from a Greek term meaning to supply
one’s own food. All other organisms are heterotrophs, meaning they get
their food from others.

* Parasites feed on plant roots and are often responsible for plant discazes.

* Predators prey on other soil life. They help keep parasite populations in
check and perform other functions.

* Saprophytes, or decomposers, feed on dead organic matter.
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* Symbionts are organisms that live with another organism in a partner-
ship helpful to both. Ecologists would call this relationship “mutualism,”
bur people who work with soils tend to use the broader term symbiosis.

The above list classifies organisms as to ecological function. Soil organisms can also
be classificd in other ways. They can be classified mxonomically, that is, as animals,
plants, Fungi, bacteria, and so on. They can also be classified as to their preferred envi-
ronment. For instance, we call soil organisms that need oxvgen aerobic. Aerobic organ-
isms use oxvgen in the process of consuming, or oxidizing, organic compounds; that
1%, oxvgen is the electron acceptor in redox reactions (see Appendix 1 for discussion of
redox reactions). Some bacteria need no oxvgen, using other chemicals in the soil as
electron acceptors. Anaerobic bacteria exist in low-oxypen sites, such as water-filled
micropores inside soil agpregates, in all soils, but are most plentiful in poorly drained
sails. Examples include the anacrobic bacteria that use ferric iron in the oxidation of or-
ganic matter, reducing it 1o the ferrous form that lends wet subsoils their gleyved color

We often broadly classify soil life by a system that involves bath size and taxonomy.
This classification is based on the older idea that all life is either flora (plant} or fauna
Ganimal). Microflora are mostly microscopic organisms that were once classified as
primitive plants, including bacteria, fungi, and algae. While they have been reclassi-
fied into their own kingdoms, the category is still useful when discussing soil life.
Microfauna are microscopic organisms once considered single-celled animals, also now
placed in their own kingdom. The larger, but still small mesofauna are multicelled ani-
mals, such as the smaller insects. Macrofauna are animals large enough for us (o see,
such as earthworms and woodchucks. Each of these categories plays a different role in
the =0il food chains.

Mow let us examine organisms that live in the soil, beginning with microorganisms.

MICROORGANISMS

Microflora and microfauna are microorganisms, organisms oo small to be seen with
the naked eve. They are observed by soil scientists under an optical or an electron mi-
croscope. While there are other microorganisms, here we will consider bacteria, fungi,
actinomycetes, algae, and microfauna.

Bacteria

Bacteria are simple, single-celled organisms that lack a nucleus; they are the most
abundant inhabitants of the soil and the most numerous of the microflora. A more re-
cently identified, similar kingdom called the Archaeae will be included here as bacteria.
Common soil bacteria are rod-shaped, though many assume other shapes (Figure 5-3).
They are about 1/25,000 inch wide and slightly longer. While they are single-celled,
many cling together to form chains. Bacteria usually grow as small colenies on the
surface of soil particles and in smaller pores. They are most dominant in nonacid,
grassland, and plowed soils,

Bacteria are the most variable of soil organisms, While most are aerabic, many thrive
in anacrobic soil. Most are heterotrophic, vet many obtain energy autotrophically from
chemical reactions with certain soil substances.

Muost soil bacteria are saprophytic. They comprise one of the groups most respon-
sible for breaking down organic matter in the soil, especially casily decayed materials,
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Bacteria exude enzymes into their surroundings that break down simple compounds
such as sugar and cellulose, then the bacteria absorb the products. A few species are
parasites, causing plant diseases such as crown gall (Agrofcterinm fumefasciens),
which causes a tumor-like growth on roots of many plants,

Fungi

Most fungi, more complex multicellular organisms, resemble a mass of tangled threads,
ar (hyphae), called a mycelium The mycelium is the vegetative body of the fungus.
(Figure 5-3). Fruiting bodies grow from the mycelium. These bodies release spores that
may be considered the “seeds” of fungi. Some fungi grow 1o become quite large—the
commaon mushroom is a fungus. The mushroom is the fruiting body of a fungus whose
hyphae feed on decaying material in soil. However, much of the fungi in the soil must
be examined under a microscope, and are considered microflora.

While fungi are less numerous than bacteria, because of their larger size, they gen-
erally make up the largest microbial mass in the soil. Fungi are entirely heterotrophic
and aerobic, and occupy larger pore spaces. Fungi tend to dominate in acid and forest
soils. In agriculture, plowing and tillage disrupts mycelial networks and suppresses
fungal population, so minimal tillage systems favor fungi.

Along with bacteria, fungi act as the main soil decomposers. Fungi can attack mat-
ter that resists breakdown, partly because hyphae can grow into the marterial, unlike
bacteria, which can only work on the material’s surface. Fungi also better attack litter
on the soil surface, again parctially because hyphae can grow into the litter from the
soil. Fungi help create soil structure as hyphae grow through the soil,

Many fungi are plant parasites, such as the wilt fungus (Verticlllitm spp.) that attacks
potatoes, several important landscape plants, and many ather plant species, A group of
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soil fungi called “damping-oft™ and “root rot” fungi, such as Ehizoctonfa, attack sceds
and seedlings and cause root rots. particular problems for greenhouse and container
NUFSCTY QEOWEers.

A few odd l'ungi are predators. For instance, certain fungi capture and consume
nematodes (v microscopic worm). These fungi trap aematodes either by growing rings
that can tighten around the body of 2 nematode (Figure 5-4) or by growing knobs cov-
ered with a sticky substance. After the nematode is trapped, hyphae grow into its body
until it is consumed.

Actinomycetes

Actinomycetes, also called mold bacteria, while resembling fungi in appearance, are
classified as bacteria, They look like fungi because they grow a threaded networl. Like
fungi, actinomycetes can work on resistant organic matter. Actinomycetes are particu-
larly tolerant of dry soil and may dominate soils after prolonged moisture stress, They
also thrive in more alkaline soils or in high-temperature conditions.

Many actinomycere species produce chemicals that stop growth of other microorgan-
isms, a phenomenon called antagonism. Many useful antibiotics of modern medicine
derive from actimomycetes. In fact, the characteristic odor of damp, well-aerated soil
comes from the most important genus of antibiotic-forming actinomycetes, the Strepio-
myces. In the soil, these natural antibiotics sometimes protect plant roots from attack
by disease-causing organisms.

All but a few species of actinomycetes are saprophytes, though a few produce such
plant diseases as potato scab (Streptoniyees scalies),

Algae

While algae growing in water may be quite large, most sail algae are single-celled. Some
algae are simple chlorophyll-containing plants that live in high-waer environments.
Crhers, the “blue-green algae,” are actually auwotrophic bacteria called cyanobacteria.
In the soil. most live in water films. Like higher plants, algae can photosynthesize and
are considered primary producers.

Fiqure 5=4

A fungus is shown trap-
ping a nematodse, Onoe
the nematode enters the
ring. the ring constricts,
trapping the animal. The
niematede is then digested
Loy the fungus.
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As producers, algae add slightly to the organic matter of soil. Certain algae combine
with fungi to form lichens. Lichens growing on rocks release mild acids that dissolve
minerals, adding to soil formation (Chaprer 2),

Microfauna

The microfauna of the soil are protozea, the kingdom Protista, and though they are
ned truly animals, we tend o think of them as simple, single-celled animals. Amoebae
and the interesting Euglena, a chlorophyll-containing protozoan capable of photosyn-
thesis, are examples (Figure 5-3). These microorganisms live in water films in the soil
and are able to move about capturing prey.

Protozoa are mostly predators, and they capture their prey by engulfing them and
absorbing them into their bodies. While protozea réquire water to be active, they form
protective bodies or cysts when conditions are unfavorable, and can survive for long
pericds in this inactive state.

Most proozoea graze on soil bacteria, thus playing an important role in regulating
bacterial populations. They also perform a function in the release of nitrogen into the
soll during organic matter decay. The bodies of bacteria are very high in nitrogen,
while bacteria-prazers necd less nitrogen. Protoroans and other bacteria-feeders excrete
excess nilrogen a5 ammonium ions, a form of nitrogen immediately useful to plants,

DISTRIBUTION AND FUNCTIONS OF
MICROORGANISMS

Organic matter decay is an important task of soil organisms. However, many organisms
perform other tasks that also are important to agriculture; indeed, biclogical activity
is an important indicator of soil quality. Before examining these tasks in detail, let us
lock at where organisms live in the soil, because their location affects their function.

Distribution in the Soil

Most microorganisms need air, water, and food to thrive. These materials are best sup-
plied in the top 2 feet of soil, especially the A horizon. Here, organisms find the most
axygen, the most organic matter for food, good soil structure, and water storage. Thus,
most soil organisms live near the soil surface (Figure 5-5), as do most plant roots,

Plant roots exude, or “leak,” a variety of organic chemicals into the surrounding soil,
including sugars and other organic compounds. In addition, roots slough root caps, bits
of bark, and old root hairs. All this material acts as food for microorganisms, which, in
response, multiply in great numbers. This area of high biclogical activity surrounding
plant roots, called the rhizosphere, extends up to abour 1-2 millimeters, less than an
eighth of an inch, from plant roots.

The effect of the rhizosphere and the preference of microbes for the top layer of soil
mean that microbe populations concentrate near plant roots. As a result, the desirable
activities of micrabes reach their peak near plant roots—uto the benefit of plants. In fact,
most root-soil-microbe interactions described in this text take place in the rhizosphere,
which is essentially an interface zone between root and soil. In many ways, the proper-
ties of the rhizosphere can be very different than those of the surrounding bulk soil.
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Nutrient Cycling

Nutrients taken from soil by plants cannot be used by other plants, nor can chemicals
in the bodies of living microorganisms, animals, or fresh organic matter, The nutrients
in living bodies or fresh organic matter are said to be immobilization. These nutrients
are bound in complex organic forms.

Unlike animals, plants need nutrients in simple, inorganic, onic forms. Thus, plants
cannot use immaobilized nutrients until they have been changed 1o simple, inorganic
forms by microbial decomposers. This process is called mineralization, and the
microbes that do this are abundant in the rhizosphere. Immobilization and mineral-
ization are opposite processes (Figure 5-6). The sullur eyele is an example of these
processes (Figure 5-7).

Most soil sulfur comes from the weathering of sulfur-containing minerals. Some of
it comes from industrial pollution as sulfur dioxide in acid rain. Sulfur in minerals is
changed by microorganisms in the soil to sulfate ions. Plants absorb sulfate 1o make
protein and other compounds, thus immobilizing the sulfur. When leaves fall, they
decay and soil flora mineralize the sulfur in the leaves to sulfate ions. Some sulfate is
taken up again by plants, some is again immobilized in the bodies of microorganisms,
and some leaches away.

The sulfur cycle shows how immobilization and mineralization lead to clements
being recycled by plants and microbes, An essential element of this recyeling process
is the storage of nutrients for plant use. Many mineralized nutrients easily leach from
soil. This loss is reduced by soil flora, which capture nutrients for their own use. When
they die in the rhizosphere, the nutrients are available again 1o plants. Therefore, soil
organic matter and life can be seen as a means of nutrient storage.

We could say that the soil food web preserves nuirients, and that unhealthy soils
with an impoverished microbial population leak nutrients. This includes farm fields. In
natural ecosystems, it is the recveling of autrients through decay of organic matter that
primarily defines nutrient availability and productivity of the system. Conifer needles,
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for instance, decay more slowly then regular leaves, so conifer forests are less produc-
tive than hardwood forests:

Microorganisms are involved in another important cycle, the nitrogen cycle, The
nitrogen cycle is covered in detail in Chapter 12, but we can look here at the role mi-
crobes play in the cycle.

Nitrogen Fixation

Nitrogen comes from nitrogen gas (N;) in the atmosphere—approximately 34,500 tons
of it over every acre of the earth’s surface. Higher plants cannot use even one molecule
of this nitrogen gas. However, certain bacteria, blue-green algae, and actinomycetes
can use it. They absorb the gas and convert it to ammonium that plants ean use, This
process is called nitrogen fixation.

Legume plants (family Fabaceas), such as alfalfa, host an important group of nitro-
gen-fixing bacteria in the genera Rbizobia and Bradyrbizebia. The bacteria ocoupy

Flgure 5-7

The sulfur cycle is an example of
the way microorganisms recycle
plant nutrients.
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the soil as free-living organisms feeding off rhizosphere carbon, but if they contact
legume roods, an infection occurs. These bacteria invade the root hairs, which respond
by surrounding the bacteria with plant cells to form a lump, or nodule, on the roos
{Figure 5-8). The bacteria get minerals and food from plant roots while the nitrogen
it has fixed can be used by the plant, so this association is useful for both bacre-
ria and plant. The way the bacteria gather nitrogen is thus called symbiotic nitrogen
fixation. Up 10 300 pounds of nitrogen per acre can be added o the soil yvearly by the
legume=Ebizobinm association.

A number of noncrop plants also host nitrogen-fixing bacteria, Some trees, such
as locusts (Rolunia sp.), are also legumes, Many non-legume plants, such as alders
(Alnns sp.), host nitrogen-fixing actinomycetes of the genus Frankia and many cyeads,
often used as indoor foliage plants, host nitrogen-fixing cyvanobacteria. Alders can add
between 70 and 150 pounds of nitrogen per acre each year, Such trees add o the ni-
trogen status of woodlands and can be used to good effect in efforts to replant forests,
Some have been useful in reclamation of surfice mines, domps, and other heavily dis-
turbred areas.

A few genera of free-living bacteria (Closteidin, Azotobacter, and others) also
fix nitrogen. These nonsymbiotic bacteria do not live on plant roots. Monsymbiotic
nitrogen fixation, for the most part, is not considered important 1o agriculiure, Under
the best conditions, it adds about 40 pounds of nitrogen vearly 1o an acre.

Another interesting group of free-living nitrogen fixers is blue-green algae, an order
of bacteria called cyanobacreria, Blue-green algae grow in aquatic environments; thus,
they thrive in water films in the soil. Their small numbers in well-drained soil limit
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the amount of nitrogen they can add. Blue-green algae can achieve high populations in
rice paddies and have been an important source of nitrogen for rice production,

Riological nitrogen fixation supplies most of the nitrogen 1o natural ecosystems, so
it plays a particularly important role there. Prairies, for example, are largely inhabited
by members of the grass (Poaceae), sunflower (Asteraceac), and legume (Fabaceae)
families, and legumes provide most of the nitrogen (Figure 5-8)

Mitrification

The nitrogen fixed by soil microbes is, of course, immobilized in the bodies of mi-
crobes or host plants, When these die, they decay 1o form a pool of organic nitrogen.
The nitrogen is mineralized to ammonium ions (NH{), which may be absorbed by
plants for growth, Protozoans and other bacteria-feeders also excrete ammonium ions
as they graze on bacteria. While plants use ammonium, most is oxidized by a group
of bacteria (Nfirosomonas) o another form of nitrogen—nitrite ions (NOJ). Nitrite ions
are then quickly oxidized by other bacteria (Nifrobacter) to nitrate ions (NOZ), the fa-
vored form of nitrogen for many plants. Nitrites are toxic to plants, but reside in the
sl for a very short time, The net reaction of these processes looks like this:

NH; + 20, = NO; + H,0 + 2H*

Mitrification is an oxidation process that steips hydrogen off the nitrogen atoim, pro-
ducing lots of hyvdrogen fons. Because hydrogen ions make soil acid, nitrification is an
acidifying process.

Conditions that promaote the activity of the nitrifying bacteria naturally increase the
rate of nitrification. These include a warm, moist, nonacid and well-aerated soil. Nitrifi-
cation will be inhibited by the opposite conditions, such as cold soil below S0°F, and can
also be artificially slowed by the application of chemicals called nitrification inhibitors.

Mitrate ions are taken up by plants or other microbes, This action completes a cy-
cle in the soeil; from living matter (0 organic matier o ammonium to nitrites to ni-
trates and back to living matter. Some nitrates, however, are changed by other bac-
teria o nitrogen gas again. [t then escapes back to the atmosphere, This process is
called denitrification.

Denitrification

Denitrification completes the nitrogen cycle by converting nitrate ions o nitrogen gas,
which filters out of the soil. Certain anaerobic, heterotrophic bacteria use nitrate in-
stead of oxygen o oxidize (e, use nitrate as an electron acceptor) organic matter dur-
ing respiration. This reduces nitrates through a series of steps:

NO; — NO; — NO (gas) — N0 (gas) — N, (gas)

While nitrogen gas is the usual end result, intermediate nitrogen oxides also
make it into the atmosphere. Nitrogen oxides are preenhouse pases some 300 times
more potent than carbon dioxide in trapping heat in the atmosphere, so contribute ©
global warming, They also deplete ozone in the stratosphers, a gas which intercepts
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This is the core of the nitrogen
cycle—natural bictoglical trans-
formations of nitrogen.

See Figure 12-3 for the
complete cyche.
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harmful ultraviolet radiation. Farm fields are the biggest source of nitrogen oxides in
the atmosphere.

Because denitrifying bacteria are anaerobic, the process occurs most rapidly in wet
soils, wetlands, or wetland agriculture such as rice paddies, Flooded soils, such as
fields under water in the spring and overly irrigated turf, lose nitrogen by denitrifica-
tion to the detriment of plant growth. However, even well-drained soils have anaerobic
and other oxygen-depleted sites, such as ped interiors. Denitrification rates can be
high in high-nitrogen, warm, damp soils, especially those high in organic matter, the
food source for the bacteria.

All these nitrogen transformations make up the biclogical portion of the nitrogen
eycle (Figure 5-9). Note that the nitrogen cycle is really two nested eycles. In the outer
cycle, nitrogen enters the soil by fixation and leaves by denitrification, recycling nitro-
gen between the earth and air. The inner cvcle recyeles nitrogen inside the soil.

Nonsymbiolic

Denitritication =y
lixation

Mineralization

iNtrification

NO; NH,
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Soil Aggregation

Soil microbes are important agents of soil aggregation. Fungi and actinomycetes are
the most effective of these organisms. First, their thread-like hyphae twine between
sail particles, pulling them together to form loose aggregates. Both organisms also
produce gummy substances that glue the aggregates together. These substances resist
wetting, and so peds do not fall apart when they get wet. The improved strength and
wetling resistance of these soil aggregates keep soil structure sound during tillage,
rainfall, and irrigation.

r e .
Plant Growth Promotion

Some interactions of plants and microorganisms attached to their roots or ocoupy-
ing the rhizosphere enhance plant health and vigor, Symbiotic nitrogen fixation is an
obvious example. Another example of a symbiotic relationship between plants and
microbes are the fungi called mycorrhizae.

Mycorrhizae

Mycorrhizae are fungi that form a symbiotic relationship with plant roots, colonizing
plant roots (o obtain food and nutrients, In fact, infected plants shunt about 15 percemt
of sugars produced by leaves to their mycorrhizal symbiont. In return, the host plant
gains a number of benefits:

* Roots are better able to absorb phosphorus—probably the most certain
and important benefit.

* Roots are better able 1o absorb water, making plants more
drought resistant.

* Roots are bewmer able 1o absorh zing, copper, and other nutrients.
* Infected rootlets live longer than uninfected ones.

* Some mycorthizae protect roots from disease and probably from low
levels of the toxins aluminum and heavy metals.

* Mycorrhizal fungus is particularly effective at aggregating soil particles,
s0 improve the physical condition of soil for plants. A complex, sticky,
gooey substance, called glomalin, is produced by mycorrhizae that binds
and protects soil aggregates,

Mycorrhizae growing on many forest trees, especially evergreens, create a thick
growth, or “mantle,” of fungal hyphae on the outside of the root (Figure 5-10). These
fungi, called ectomycorrbizae, penetrate between the outer few cells of the plant root.
Ectomycorrhizae, most common on woody plants, are presently used in the preduction
of tree seedlings by artificial infection in the greenhouse. When planted in the field,
these infected seedlings have better survival rates, become established more quickly,
and grow faster than uninfected seedlings. This proves especially useful in planting
heavily disturbed soils like mine tailings.

Most plants, including common crops, host mycorrhizae that grow inside root cells
without forming a mantle. These fungi, called endomycorrhizae, invade plant cell walls
and form associations with the cell membrane. From there hyphae extend out into the
soil, These organisms most commonly associate with woody deciduous and herbaceous
plants. The association improves crop productivity. For instance, the fungus improves
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Research is being done to find ways 1o use mycorrhizae more often in plant produc-
tion. Ectemycorrhizae can be grown artificially in the laboratory. However, endomycor-
rhizae cannot be grown artificially, making it more difficult to produce large quantities
of agriculturally important organisms. Nurseries growing forest trees often infect seed-
lings with mycorrhizae, and many firms now offer mycorrhizal products for a variety of
landscape and other uses.

Interestingly, myvcorrhizae can infect and connect neighboring plants; allowing nu-
trient and other transfers between the two. Even plants of different species may be
connected through hyphal bridges between roots. Some species of plants, such as the
forest wildflower Indian pipe (Monofropa uniflfora), obtain food not by photosynthesis
but from mycorrhizae attached 1o a nearby tree—the tree feeds the fungus, and the
fungus feeds the Indian pipe (Figure 5-11).

Plant Growth Promoting Rhizobacteria

Some rhizosphere microbes, hesides those already mentioned, actively improve plant
growth, and include a group called “plant growth promoting rhizobacteria.” These may
act by producing plant hormones and vitamins, by improving nutrient uptake, or by
suppressing root disease. Some of these are now available as products that can be ap-
plied 1o roots and soil. These microbes need organic matter as a food source.

Breaking down Chemicals

Fortunately for modern society, organisms inhabit the soil thar can break down chemical
products and refuse deposited in the soil. Chapter 1 mentioned the importance of soil
in waste disposal. The cleanup of increasingly frequent oil leaks and spills is also aided

i::.'-.’_] Lrg 5=11

Tha wnusual forest plant Indian
pipe (Monaotropa uniffora) cannot
create its own food by photosyn-
thesis. It attaches 1o mycorrhizae
in thie soil, wihich are im tum
attached to a forest tree.
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by organisms that digest oil. Rescarch is identifving strains of microorganisms that are
quite effective in digesting chemical wastes in soil, making possible bioremediation, the
hiological cleanup of contaminated soils.

Farms avoid a buildup of agricultural chemicals in the soil mainly because of micro-
organisms. While some chemicals leave the soil by leaching or by evaporation, biologi-
cal decompaosition is the most important means of removing chemicals, The ability of
a soil to degrade a chemical depends upon the substance. Some pesticides disappear
quickly, while others, such as DDT, persist in soil for years.

Interestingly, some microbes have adapted to soil chemicals so well that an herbicide
or soil insccticide fails altogether becavse organisms break them down so Fast. Until
more is known, researchers suggest that where the problem has occurred, growers
should use soil pesticides as little as possible, rotate crops, and rotate chemicals,

Methane Production and Absorption

Cerain anaerobic organisms produce methane (CH,) while breaking down organic
matter in oxygen-free sites, a process termed methanogenesis, Methane, also known
as swamp-gas, is the major component of aatural gas fuel. Other aerobic soil bacteria,
the methanotrophic bacteria, oxidize methane o carbon dioxide (COL)Y as part of their
metabolism. In well-drained soils, methane may be produced in oxygen-free sites in
the soil (such as ped interiors), but as the gas filters into acrobic pores, it is consumed
before reaching the atmosphere. However, large areas that are entirely oxvgen-free,
such as wetlands, rice paddies, or landfills, can generate large amounts of methane.

While methane generation by soil microbes does not affect grower operations, it is
of plobal concern. Methane functions as another greenhouse gas, much more potent
than carbon dioxide, Atmospheric methane levels, while much lower than those of car-
bon dioxide, have been climbing for decades from a variety of man-made sources. Wet
soils and wetland crops such as rice can be major methane generators. On the other
hand, well-drained soil is the planet's main location where methane is removed from
the atmosphere by methanotrophic bacteria,

It concerns climate scientists that if temperatures of the far north warm enough to
start thawing tundra Gelisols, accelerated decay in these wet soils could release great
amounts of methane into the atmosphere, accelerating climate change lurther,

MANAGING SOIL ORGANISMS

Some growers talk about having a “healthy” soil—a soil with a large population of
beneficial microorganisms. Indecd, biologic activity is an important indicator of soil
quality. Not only are soil organisms key to good tilth, but failure to host a thriving
population means increasing inputs like fertilizer 1o compensate for contributions they
miake 1o crop health. When speaking of healthy microbe populations that contribute
1o soil quality, we mean not only numbers of desicable organisms, but alse diversity of
organisms—how many different types and species of organisms are active in the soil.
More diversity means more biological functions fulfilled and greater biological stabil-
ity. There is evidence that soils with a rich diversity of species share some resilience to
stress and disturbance.

How can we promote healthy populations? The measures to be taken fall into sev-
eril broad categories: inoculating the soil with desirable organisms, improving soil
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conditions for the organisms, and controlling harmful organisms. Let us look at some
suggestions for populating the so0il with healthy numbers of beneficial organisms.

Inoculation

Inoculation is purposely infecting soil with useful organisms. As an example, there
have Been many attempis to speed up nonsymbiotic nitrogen fixation by soil inocula-
tion. The market is now supplying preparations of mycorrhizae as an inoculant for
landscape plants (o improve transplant success, Researchers continue to explore ways
1o infect soil or plants with “fricndly™ microorganisms, but microbes introduced into a
soil often do not survive in competition with or under attack from native flora.

Inoculation of legumes with Rbizobinm bacteria, however, has long been an im-
portant farming practice. Inoculant, mixed in liguid or a peat base, can be applied 1o
seids or the planting furrow to ensure good nodule growth on the roots of host crops.
Growers miust ake care o select the right strain of Rbizobium for the crop. Inoculants
are alzo available for native praire lepumes, important in the increasingly common
practice of planting or restoring native prairies.

Improving Soil Conditions

Improving the soil environment enhances natural populations of desirable soil micro-
organism and makes the soil hospitable for those we inoculate. These improvements
include supplying organic matter, improving soil conditions, and increasing variety in
the ficld.

Supplying Organic Matter

A constant supply of fresh organic matter is needed as a food source for most soil or-
ganisms. Other factors being adequate, this is the most important factor for successful
microbe populations. Organic matter comes from a variety of sources:

* Crop residues. Crop residues supply tons per acre of organic matter, de-
pending on the crop, if left in the Geld. Residues left on the soil surface,
rather than turned in, create a habitat that promotes a diverse population
of organisms, and tends to favor fungi, which can more readily attack
surface residues than bacteria,

= Outside sources of organic material. These can include manures,
compaosts, or sludges (see Chapter 15), as well as other locally
available materials.

* Cover crops. A variely of “green manures,” I‘i\"i.I'LE mulches, and other
types of cover crops increase the bulk of organic materials produced in
the field. Chaprer 16 discusses this further.

Improving Soil Conditions

Obwviously soil organisms cannot thrive unless conditions are correct. Soil microbes are
sensitive 1o emperaiire, moisture, oxygen content, soil pH, and supplies of nutrients
they need, and these can be managed by s0il users. Good acration supplies soil flora
with the oxygen most need, While many organisms survive periods of drought by go-
ing dormant, most need moist soil to multiply and funetion actively. Few microbes are
active below 41°F, and most grow better in much warmer soils. In cold soils, many



Chapter 5

biological activities slow, including mineralization of phosphorus and nitrification.
Most organisms grow better at near neutral pH, though fungi tolerate soil acidity and
actinomycetes tolerate some alkalinity. This list suggests a group of practices, or Best
Management Practices (BMPs), for improving soil conditions for microbes:

* Reduced tillage. Tillage, by mixing oxygen and residues into the soil,
causes an explosion of biological activity, but the food source is quickly
consumed. Reducing tillage keeps a more constant food source and im-
proves conditions for soil microbes, particulardy fungi. Chapter 16
describes reduced, or conservation, tillage.

Improved drainage. Wet soils inhibit healthy microbial populations by
restricting aeration. Drainage will improve the oxygen content of the soil.
Chapter 9 describes drainage.

Minimized compaction. Compaction reduces aeration and often disturbs
the moisture content.

.

Reduced pesticide use. The interaction of sail microbes with pesticices is
complex and not thoroughly understood. Some organisms feed on a spe-
cific pesticide, and their population will rise when it is applied, while the
same pesticide may be toxic to other organisms. Certainly fangicides will
harm at least some soil fungi. Heavy pesticide vse is likely to decrease
diversity of soil microbe populations.

Adequate nutrient, moisture, and pH levels, Soil microbes, like plants,
require nutrients, which can be supplied with a variety of organic materi-
als and fertilizers. Irrigation and lime (or where needed, some acidifying
agent) maintain proper moisture and pH. Some common fertilizers have
effects on salt and pH levels which may cause at least a temporary reduc-
tion in populations of some microbes. All these topics are covered in
later chapters.

Minimize fllow. Fallow is the practice of leaving the sodl bare (Chapter 16)
1o store soil water. Organisms, such as mycorrhizae, that require associa-
tion with plants most certainly suffer during fallow periods.

Ll

Keep soll covered with mulch or crops. Chapter 4 described the effects of
soil cover on soil moisture, temperature, and physical conditions; these
are desirable for soil biology. However, mulches in cold climates can
depress spring soil temperatures.

Increasing Habitat Diversity

A wariety of conditions and food sources over both time—from year to year—and
space—icross the field, enhances diversity of organism populations. With more types
of organisms, more types of things happen in the soil—more biological functions can
be fulfilled. Desirable practices include:

* Crop rotation. Changing crops each year means different root systems,
different rhizospheres, different residues, and different effects on the
s0il. This encourages a wider variety of organisms to inhabit a soil, and
reduces the chances of root pathogens being carried over from year to
year. Continuous row crops discourage a diverse angd healthy microflora.
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* Cover crops, Again, adding cover crops inte
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Controlling Harmful Organisms

Part of mak ng soil healt Ty f it { Of 15 1o contra il DIEANISMS Suchn
' f i and bacteri 1 f
as nemanodes a 1el prarasine fange 3 4. In Cases Severs infestation, soil o Ay

e chemical or heat sterilized. Soil sierilant cl'mmic:tla.., such as methyl bromide (being
phased from the market as an ozone-de

; ting chemical), are injected into the soil or
washed in by irvigation. In the soil, chemical vapors penetrate pore spaces and poison
soil organisms.

Pathopens may also be controlled by raising the soil temperature high enovgh and
long enough to kill them. In greenhouses, this is typically done by steaming the soil.
In the field, solarization may do the same. A clear plastic sheet covering the soil for
several weeks during hot, sunny weather may heat the soil enough to destroy undesir-
able organisms. Solarization works only in dependably warm, sunny climates, and may
not be fully reliable even there,

Sterilizing an entire field is very expensive; therefore, the practice is reserved for high-
value crops such as strawberries, In addition 1o the cost, sterilizing soil kills the good
along with the bad, The key to controlling harmful organisms is to prevent their occur-
rence and to use other contral methods where possible. Here are a few suggesiions:

« Practice sanitation. Start with disease-free seeds and transplants, often
ible from secc- or plant-certification programs. Do not drag infected
soil into a feld on tillage equipment.

« Obey quarantines, Quarantines are intended to prevent the transporia-
tion of diseases and other pests into uninfected areas.

« Manage soil pH. For instance, potato scab is not & serious problem on
acicl soils.

« Rotate crops. Many pathogens decline in numbers during the years when
their host crop is not being grown.

» Incorporate organic matter. Many organisms that feed on organic matter
compete with, antagonize, or parasitize pathogens. Cured compost itself
contains high numbers of such organisms.

* Incorporate certain plant residues, Some plant residues, such as those
of members of the mustard family, contain chemicals that suppress root
pathogens.! Such plants may be grown in rotation or used as a cover crop.

= Use “living pesticides.” A number of organisms that suppress root rot
fungi are available on the market; these are most commonly used
in greenhouses,

* Select crop varieties resistant to soil pathogens,

Lazrerh, Lo, et al. (2001% Alledopathic effect of glucosinolate-containg
k1N . N
ansl vonal fungal population in the soil. Hortfcwltoral Science, "4 Pl green manure on gyebitim 5P

A6, 12531250,
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* Use suppressive media in container growing. These are growing media
made from materials such as certain composted bark chips that suppress
soil pathogens.

Sail sterilization is a must in the greenhouse, unless media are used that contain no
soil. This practice is discussed in detail in Chapter 17, Even in a greenhouse, sanitation
remains one of the best defenses against soil-borne discases.

SOIL ANIMALS

Many animals, from tiny mesofauna such as nematodes io larger macrofauna such as
badgers, make their home in soil. Animals affect cultivated soil less than microorgan-
isms. Undisturbed soil, which provides a better habitat than cultivated land, can be
heavily changed by soil animals. In general, macrofauna function to mix and even
invert the soil, as well as creating larger soil channels. Mesofauna do the same, but ave
also involved in the decay process by shredding raw organic matter, and contribuie to
soil structure. Much of the tiny structural units of soil begin as fecal pellets of meso-
fauna and earthworms. Let us look at some soil animals, starting with nematodes.

Nematodes

Mematodes, the dominant mesofauna, are a large and diverse group of microscopic
non-segmented worms (Figure 5-12) that occur in many habitats, but are especially nu-
merous in soil. While microscopic, they are relatively large compared to other micro-
scopic creatures, and tend 1o occupy water films in larger pores, where they can move
around. Undisturbed soils in forests or grasslands support much higher populations
than do agriculiural soils.

Mematodes may be divided into classes based on their diet, or their place in the soil
food chain, The two largest groups are plant-feeders and bacteria-feeders. Plant feed-
ers attach themselves 1o plant roots, and puncture plant cells with a needle-like stylet
mouthpart (Figure 5=12) Bacteria-feeders graze on bacteria; their mouthpart is simply
a hollow tube to suck them in.

Other nematode groups include fungi-feeders, which also pierce the fungal cell wall
with a stylet, and predatory nematodes thar feed on protozoa and other nemarodes. A
smaller group invades insect bodies, releasing bacteria that turn the insect’s insides to
a nuiritious soup for reproducing nematodes. Several manufacturers now offer prepa-
rations of these as commercially available “living insecticides.”

Growers are most concerned with plant-feeding nematodes. These animals infest

plant roots, sapping plants or strength and reducing yvields (Figure 5=13). The tiny .

puncture wounds also provide entry for other fungal or bacterial discases, For that
reason, nematode feeding is often related to infections by other soil-borne diseases. In
addition, certain genera of nematodes vector plant viruses,

Other nematode groups may be viewed as generally beneficial, and their activity has
been proposed as an indicator of soll quality, Those that prey on bacteria, fungi, or
other organisms regulate the populations of their prey. However, in higher numbers,
they might inhibit desirable bacterial processes and mycorrhizal infections. Like proto-
zoa, nematodes feeding on bacteria and fungi release plant-usable ammonium nitrogen
into the soil becavse their bodies do not need all the nitrogen the microbes provide.
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Esophogus

Tail

Managing soil nematodes is much like managing other soil microbes, as discussed
earlier, Frequent additions of fresh organic matter through amendments, green ma-
nures, or cover crops favor desirable nematodes over plant feeding ones. Interestingly.
a number of crops actively suppress at least some plant-feeding nematodes, including
marigolds, sesame, mustard family plants such as rapeseed, and others. These may be

Figure 5-12

Plant parasitic nematodes are
simple onganisms that feed on
plantroots with a needle-like
mauthpart called the stylet.
Feeding weakens the plant and
creates minute holes in roots that
can be invaded by pathogens.
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incorporated into some cropping sysiem 1o reduce nematode problems. Crop rotations
and other practices listed earlier are also helpful.

Nematode pests may also be killed by hear or chemical sterilization, as described for
microbes. Pesticides, called nematocides, may also be applied to the soil. A word of
warning, however: nematocides @s a group are highly oxic 1o people and wildlife.

Arthropods

Mites, millipedes, centipedes, billbugs, and insects are the most common  soil
arthropods, The smallest arthropods, such as the smallest mites, are classified as me-
sofauna, while the readily visible ones are classified as macrofauna. Arthropods are
sasily recopnized because they have jointed legs and a hard outside skeleton. Many ar-
thropods, such as some mites, millipedes, and insects, fecd on decaying organic matter
and the bacteria and fungi growing on it Such mesofauna play an important role in the
decay of organic matter by shredding raw organic manerials. Others, such as centipedes
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and some mites and insects, feed on other soil fauna. A number of arthropods feed on
plant roots. June and Japanese beetle larvae, or grubs, often injure crop and turf areas
by feeding on plant roots.

Ants and some termite species alter soil more than other insects by their tunneling
behavior, Tunneling mixes the soil, a subject to be considered later. Ant and termite
burrenws also aid soil aeration.

Arthropods tend to inhabit surface litter, and will be most numerous in undisturbed
soils in natural ecosystems. Tillage both reduces surface litter and directly kills many
arthropoeds, so reduced tillage helps to maintain high populations. Fallowing remaoves
their enmtire food source, and essentially eradicates them, while cover cropping im-
proves their habitat,

Earthworms

Earthworms, the dominant macrofauna of most soils, feed on organic matter and its
load of fungi and bacteria. It passes through the gut of the worm, where it is worked
on by bacteria resident in the gut, The digested matter is excreted as “casts,” consist-
gz of small structural units mostly 0.5 to 2 millimeters in size. In doing so, decay ancd
nutrient cyvcling is greatly accelerated and nutrients become more available o plants.
The casts are rich in nutrients, especially available phosphorus, which is made soluble
by bacterizl enzymes. Earthworm burrows aerate the soil and both burrows and casts
improve sail structure. Species of worms that feed on surface debris deamatically im-
prove moisture infiltration by extending tunnels o the surface.

Earthworms can be classified into three broad classes based on their mode of living,
Iy in surface litter, s0 require a constant supply of surface
litter to survive. Shallow soil dwellers live entirely in the shallow soil, digesting soil
and organic matter, and in the process aerating the soil and helping to create structure.
Deep soil dwellers, such as nightcrawlers, reside deep in the soil but tunnel o the
surface and drag plant debris into their burrows. These organisms particularly create
biopores that are open to the surface.

Litter dwellers reside entire

Earthworms develop best in maoist fine loams with a good supply of fresh organic mat-
ter and neutral pH. Between 200 to a 1,000 pounds of carthworms MAY GCCUpy an acre
of soil. Earthworm populations are a visible sign of soil health, because conditions in
which earthworms thrive are also pood for other soil flora and fauna and plant roots.

Farming practices that promote soil organic matter levels and structure are good for
carthworms, These practices include crop rotation, minimum tillage, and additions of
organic matter. Tillage not only kills earthworms directly, but also buries plant litter,
discouraging litter and deep dwellers. Tillage also erases the burrow openings of the
deep dwellers. Liming acid soils also helps. Organic mulches benefit earthworms by
providing a continuous food source, preventing rapid deep-freezing of soil in the win-
ter, and preventing high soil temperamres in the summer.

While earthworms are beneficial in agricultural soils, they may be problematic in
other settings. In lawns, earthworms prevent thatch buildup (a layer of dead and living
stems and roots between green vegetation and the soil surface) by feeding on it How-
ever, homeowners often object 1o casts that mar the surface of the turf, and on golf
courses, casts hinder playability, Earthworms may also atteact moles, whose burrows
can severely damage a lawn,
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Recent evidence suggests that earthworms may harm northern forests. The last gla-
cial advance eradicated earthworms in their path, so earthworms in glaciaved areas are
foreign, mostly from Europe and Asia. Forests of these areas developed in the absence
of the worms.

Earthworms in the forest dramatically accelerate the decay of surface litter. Loss of
surface litber in forests sets off a cascade of effects. By the middle of the summer, sur-
face litter is gone, leaving only a surface of mineral soil and worm casts. This aceeler-
ates erosion. Most fine roots of yvoung secdlings and herbaceous plants inhabit the litter;
these roos dehydrate when exposed and the plant dies. Seeds of many [orest species
germinate in leaf duff; without it, reproduction declines drastically. Without the insu-
[ating mulch, greater temperature extremes occur in surface soils. As a consequence,
while older trees survive, the forest floor is denuded of its vegetative cover of tree seed-
lings and herbaceous planis (Figures 5-14 and 5-15). Ultimately, as older trees die, the
nature of the forest population will change radically. Many foresis of northern states are
struggling in response to climate change, deer browsing, and earthworm infestations.

Mammals

Mammals affect soil by burrowing. The greatest number of burrowing mammals are
rodents, such as gophers, woodchucks, and prairie dogs. Their population is highest in
undisturbed soils such as pastures, forests, and prairie.

Figure 5-16

Prairie dogs mixed the soll of
the western prairies, rénewing
the soll, (Courtesy of Maurice
Narthmpl
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Rodent digging, like that of ants, alters soil by mixing the layers. The mixing coun-
teracts, to some degree, the natural soil aging process in which clay particles and
nutrients leach into the B horizon. Mixing has the effect of rejuvenating soil. Native
prairie of the western United States, before its use as agricultural land, was continu-
ously churned by soil-mixing activities of burrowing animals. An important part of the
animal community was the prairie dog town. Prairic dog burrows extend some 5 feet
into the ground. In digging the burrows, prairie dogs carried a lot of subsoil to the sur-
face and piled it on the wopsoil (Figure 5-16). As a resull, subsoil was mixed with the
topsoil. Soils of these areas are surprisingly high in clay.

Soil mixers, whether mammals, earthworms, or insects, modify the soil profile,
Conditions that favor soil mixers tend to produce soils with a deep A horizon aop a
B horizon. Conditions that do not faver soil mixers are more likely 10 produce shallow

A horizons with an E horizon between it and the deeper B horizon.

SUMMARY

More than 2 tons of living creatures inhabit an acre of
soil. An important role of microorganisms is the decay
of organic matter. In this process, nutrients are returned
te the soil, and the level of humus is improved. An even
more essential result of decomposition is the return of
carbon from plants 1o the amimosphere.

The most numerous soil microflora are bacteria.

Maost bacteria decay organic matter, though a few cause
plant diseases. Important bacteria include the symbiotic
nitrogen fixers Rbizobia, nonsymbiotic nitrogen fixers,
and other bacteria involved in the nitrogen cycle. Both
fungi and actinomyveetes are excellent decay organisms
and help preserve soil siructure. Some actinomyceles
fix nitrogen and some produce antibiotics. Mycorrhizae,
which help planis absorb water and nutrients, are fungi.
Algae add organic matter to the soil by being primary
producers. Protozoans, the soil's microfauna, regulate
soil bacterial populations and release plant-usable ni-
trogen. Microbes, by generating, absorbing, or degrad-
ing such greenhouse gases as carbon dioxide, nitrous
oxide, and methane, also interact with global climate.

Microonganisms need proper soil conditions to grow
and multiply. The most basic requirements are a con-
stant supply of fresh organic matter, good soil aera-
tion, and enough moisture. The growth of organisms is
further influenced by pH, nutrient levels, and warmth.
Beneficial organisms can be further promoted by main-

taining diversity in the field and, in some cases, inocu-
lation of soil, seed, or roots.

Common soil mesofauna and macrofiuna include
nematodes, arthropods, and earthworms. Some nema-
todes are helpful, but growers are concerned primarily
about the types that cause plant disease. Earthworms
feed on fresh organic matter, making nutrients more
available ro plants. They also improve soil permeability
and structure, but damage northern forests. The bur-
rowing of worms, ants, and larger soil mammals mixes
the soil layers. This slows the “aging™ of a mature soil
and helps keep it fertile,

In general, conventional tillage and plowing favors
bacteria and their predators, protozoa and nematodes.
Conservation tillage, with fewer or no tillage opera-
tions, leaves more crop residues on the soil surface
and enhances populations of fungi, small insects,
and earthworms.

Biological activity is an importamt indicator of soil
quality; active and diverse populations of soil organisms
improve tilth, preserve soil nutrients, and reduce inputs
required of a grower. Soil biology also affects such im-
portant aspects of natural ecosystems as nutrient
cycling. Growers can manage the biology of the soil
with many imporiant BMPs.
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REVIEW |
I.  How do protista and many nematades fit into the populations and would it be beneficial? (Hinrn: think
nitrogen cycle described in this chapter? How do also about biopores,)
they fit into the detrital food chain? i :
¥ g ¥ G. Is Indian pipe (Figure 5-11), mentioned in this
2. Alter enjoying a day of fishing on one of the chapter, autotrophic or heterotrophic? What plant
many lakes in the author's home state, you wonder pigment is obviously missing? How does it make its
what to do with lefi-over angleworms. Should living? Does this make it an wnusual plantg?

you throw them into the nearby woods? Explain

your reasoning. 7. Discuss symbiotic plant-microbe relationships

described in the text and state why they
3. Pocket gophers, which tunnel in the soil, eating fre important.
plant roots and leaving piles of soil above ground, 8
are considered a pest of pastures, lawns, and many !
other settings. Could they be considered desirable
1o 501l Explain,

Discuss two biclogical processes in the soil that
might contribute to global warming. Where are
they most likely to secur? How might they be
avoided, if possible?

Deseribe the biological part of the
nitrogen cycle.

4. Make two lists: a list of practices that promoie 9
healthy and diverse populations of living things in 1
the soil, and a list of practices that do harm,

& : - . 10. Distinguish the type of mycorchizae that would
i - . " .
5. In no-tll agriculiure, one does not plow or coltivate be typical of forest trees and those ty 1 of

the soil, and crop residues are left as a mulch on ; 3
; . . MOSE Crops,
the surface. How might this affect earthworm

ENRICHMENT ACTIVITIES |

1. Isolate nematodes from a soil sample and examine them under a microscope. Test kits for this purpose
are available.

2. Culture s0il microorganisms on an agar mediom and observe them under a microscope.

3. Grow several soybeans or other legume plants in sterilized soil. Inoculate one group with the correct Rbizo-
Birem, but not the other. Compare the plants’ growth., When the experiment is over, carefully wash soil off the
roots and note the difference between the two root systems.

4. For general Web sites on soil biology, with some photography, try: <http:/www.blm.gov/nste/soil/index htmls,
or check on the USDA's Soif Biology Primer, available in hard copy for purchase or on the Imternet at <htep.y
soils.usda.govisgifconce pts/soil_biology/biology. html=.

5. This site is an extension bulletin called “Soil Biology and Management™ <httpy/www.extension. umn.edu/

distribution/eropsystems/DC7403. htmi>. What does it suggest as cultural practices to promote healthy
microbe populations?

6. This site has information on the process of inoculating legumes:<http://www.rhizobium.umn.edu>. Select FAQ.

7. Here is a site on mycorrhiza <htip://mycorrhiza.ag.utk.edu>. Here you can click on a variety of abstracts from
scientific articles on mycohhrizae.

8. For a story of nutrient recycling in the natural environment, comparing to the agricultural vl:_w\'{rod'limcn.t in the
19305, read the elegant story "Qdyssey” in Aldo Leopold's book Sand County Almanac. A-.\"-'!.I!Hblf in numer-
ous editions in any book store. While the book was written in the 1930s, the fate of nutrient molecules has not
changed all that much.
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Organic Matter

OBJECTIVES

After completing this chapter, you should be able to:

« explain what organic matter is and how it farms

- describe what organic matter does in the soil

= list several ways 1o maintain soil organic matter

» disgcuss the problem of nitrogen immobilization

- define organic soil, and list its uses and problems
« discuss soil organic matter and climate

f:':lrﬁg.' settlers in America cleared the woodlands of the eastern colonies o
create their farms, but many of those farms were later abandoned and have
since returned o forest, the original vegeration under which these soils
developed. By the middle of the nineteenth century, pioncering farmers
were lurning over the prairie sod of the Midwest. Farming in the Midwest
continued to expand until the prairie retreated to a few preserved areas.

Why could soils of the grassland support long-term agriculiure while
somie eastern woodlind soils could not? One difference is the high organic
metier content of the prairie Mollisols (Figure 6-13 of the Midwest com-
pared 1o the lower organic matter content of the Spodosols, Entisols, and
Inceptisols common (o many of the original colonies.

THE NATURE OF
ORGANIC MATTER

Organic matter is the portion of soil that includes animal and plant remains at
various stages of decay, We recognize three components of soil organic mats
ter. First, it begins as living biota, the roots, microbes, and other organisms
that acoupy soil. Second are the fragments of plant and animal remains
in various stages of decay, such as fallen leaves, dead organisms, animal
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membranes. Waxes usually coat leaves to form a protective layer ancd may occur in other
parts of plants as well,

Lignins can be 10 percent to 30 percent of plant tissue and act as a structural com-
ponent of plants. It glues together cellulose fibers to make wood, coats cellulose
protect it from microbial attack, and lends rigidity to plant tissue. They are large, highly
complex molecules of almost random structure, with many rings and branches, and are
resistant to decay. Lignins contain no nitrogen.

These compounds vary in how readily they can be antacked by microbes, Sugars,
amino acids, and starches make ready food sources, followed in order by protein,
hemicellulose, cellulose, fats, waxes, and lignin. Easily decayed materials, such as
starch, are said 1o be labile, while difficult materials, such as lignin, are recoicitrant.
Recalcitrant materials may contain lots of decay-resistant chemicals like lignins, may
be low in the nitrogen needed by microbes, or may actually contain chemicals that are
toxic to decay organisms. Pine needles, for instance, resist decay because they have
high lignin, low nitrogen, and are high in 1oxins called tannins.

The Process of Decay

Fresh detritus becomes soil organic matter by the process of decay, essentially the bio-
logical oxidation of carbon for energy. That is, microbes use organic matler as a food
source, and decay is the result of microbial respiration. Decay follows a series of four
overlapping steps we can call solution, fragmentation, decay, and humification.

During sefgrffon, free aminoe acids and sugars, as well as potassium and other water-
soluble components, quickly dissolve out of litter into nearby soil water. Soil microbes
rapidly exploit this food source and colonize the detritus (Figure G-2).

S0il meso- and macrofauna, like tiny mites and even earthworms, now sfred the
material, feeding on both the organic matter and microbes inhabiting it. This fragmen-
tation breaks through protective lignin and wax coatings, and increases the surface
area available 1o attack by bacteria during decay.

During decay, labile materials break down quickly, while recalcitrant ones do so
much more slowly Complex molecules are split into smaller units and hecome increas-
ingly oxidized, carbon dioxide is produced, and nutrients like nitrogen are liberated in
mineralized forms.

Soil organic matter in the forest derlves mostly
framm litter deposited on the soll surface. Here we
see decay beginning, as fungi and bacieria colonize
fallen leaves and shredders begin their work.
Courtesy of Maurice Morthrup)
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Humification follows a different path. As decay proceeds, labile materials disappear
while recalcitrant ones, such as lignin remain at least partially intact. Chemical reac-
tions oceur in the soil in which soil nitrogen from the more labile protein reacts with
lignin and other remains of decay to form new compounds that, like lignin, are large,
highly complex, and resistant to attack but are rich in nitrogen. This marerial is called
humus, the resistant residue from decay, Humification is largely a chemical, rather
than biological, soil process,

The chemical nature of humus is extremely complex; that very complexity renders i
fesistant to attack by fungal and bacterial enzymes. By weight, it is about 50 percent
carbon and 5 percent nitrogen; it has a carbon:nitrogen ratio of about 10:1. It coats
mineral soil particles, is very dark colored, and in the solid state appears as tiny par-
ticles of clay size. We recognize several classes of humus not described here. One
group of lightweight humic material is water soluble; this often stains streams that
flow through bogs with a tea-color,

The decay process begins very rapidly, but slows over time. At first, in labile mare-
rials, half the material may decay in a week, but decay slows as the supply of labile
materials declines. Humus itsell continues to oxidize, but this is a very slow process:
about 1 percent to 3 percent of soil humuas ina well-drained soil is lost annually. Because
decay is mostly a biological process, it slows when soil organisms experience adverse
conditions, such as pH extremes, highly salty soil, or soil thar is cold, wer, or very dry.

This sequence creates soil organic matter in several different states. Material
undergoing rapid decay can be called the acfive fraction. The most active part of this
faction lasis from a few weeks to a few years. It resulis in a slower fraction, particulate
vrganic matier (POM), consisting of fine organic particles, that can persist for decades.
The active fraction is most responsible for soil aggregation and nutrient recycling, and
POM content can be used as a measure of soil fertility and guality.

Highly stable humus, the largest fraction of organic matter in the soil, is considered the
passive fraction. It no longer undergoes rapid biclogical activity, but is largely respon-
sible for acting as storage sites for certain nutrients, and as a chemically active colloidal
material that ean lightly bind plant nutricnts (Chapter 100, It can persist for centuries,
even thousands of years when protected by binding with clay inside soil aggregates.

The decay process just described occurs under aerobic conditions, where oxvgen
acts as the oxidizing agent (ie., the electron acceptor) for microbial respiration. In
waterlogged soils, there is no oxygen available, but decay proceeds using other elec-
ron acceptors such as nitrates (denitrification), ferric iron, and others. This process
is much slower and gives rise to a variety of less-desirable chemicals such as organic
acids, methane, and the sulfides that give wet soil its rotten-egg smell. It also creates the
gleyed color of wet subsoils,

Factors Affecting Organic Matter

Five major factors directly affect the amount of organic matter in the soil: vegetation,
climate, soil texture, deainage, and tillage.

Prairies generate the most soil organic matter because the extensive fibrous root
systems of prairie grasses generate great quantities of underground organic material
(Figure 6-3). Root masses in a humid tallgreass prairie sum between 5.8 and 7.6 tons
per acre, In a North Dakota mixed prairie, growth each year generates about 1.4 tons
of shoots and about 4 tons of roots. Mote that in native grasslands, most of the growth
is in the soil, where natural turnover of roots enriches soll organic matter.
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Thesse gnnnﬂlzmtn ane gxamining
roots of Eastern gammagrass
[Tripsacurn dactyfoides] in Kew
York. Root syitemns like these
cantribute to the deep, high
arganic matter soils of the prairie.
(Courtesy of LSDAY

Chapter 6.

In contrast, forests gencrate organic maner as litter on the soil surface (Figure 6-2)
The litter decays into a thin organic layer, the O horizon, on the surface, [nsects,
worms, and other animals mix the material into the wp few inches of soil, making a
shallow, humus-rich A horizon. The needles of conifers are especially recaleitrant, so
conifer forests have even less organic matter than other woods, and may have no A
horizon at all.

Prairie plants also die back each year, while trees do not. This means most of a prai-
rie plant returns to the soil cach year. The differing growth of grasses and (rees causes
the following differences in prairies and woodlands and their soils (see Figure G-4):

* There is about twice as much organic matter in grassland soil as in an
otherwise similar woodland soil.

= Organic matter extends deeper into prairie soil, because grass roots can
decay deep in the soil while organic matter in forest soils comes mainly
from the decay of surface litter.

* Most organic matter of the prairie is in the soil. In forests, most of the
organic matter resides in standing trees.

Because soils in arid climates support little vegetation, they are lower in organic mat-
ter than cither prairie or forest soils. Arid soils, unlike other soils, may gain organic
matter under cultivation when irrigated. The gain results from the grearer amount of
green matter growing under irrigated cultivation.

Temperature and rainfall are key climatic fctors tha affect soil organic matter. The
more the rainfall, the greater the total amount of vegetation, Thus, soils in high rainfall
arcas tend 1o develop more organic matter than those in drier sites. This is obscured,
however, by the tendency of soils in drier climates to host grassland vegerarion.
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Figure 6-4

Typical sail profiles of a praiie and a

c farest soil. (A} Forest sail with a thin O

{ G harizon over & thin & horizon, The A
harizon s thin because Hitle of the Heter
mixes deeply into the soll. (6) Prairie sall
has a deep A horizon because dienss
fibrous roats decay deeper in the soil.

(4} Fores) sail (E) Prairia soil

High average temperatures also promote plant growth, However, organic matter
decays more rapidly at higher temperatures, so soils in warmer climates tend to con-
iain less organic matter than those in cooler climates. As a simple guide, organic mat-
ter is generated faster than decay when soil temperatures are below 77°F (257C), and
decay almost stops below 41°F. In these cooler soils, organic matter can accumulate.

Fime-textured soils tend to have more ofganic matter than coarse soils such as sand.
Finer soils grow a large supply of plant materials because they hold water and nutri-
ents well, Because coarse soils are better aerated than fine-textured soils, they have a
better supply of oxygen and, as a result, organic matter decay is more rapid in sandy
or coarse soils. Fine-textured soils also tend to contain more organic matter because
clay protects humus from further decay and because organic matter can be preserved
inside anaerobic ped interiors.

S0il drainage has the most dramatic effect on soil organic matter levels, The wet-
ter the soil is, the less oxygen is available to fuel decay and the more organic matter
accumulates. The wettest soils usvally have a layer of black, decaying material, an
O horizon, on the surface with a very dark A horizon underneath.

Virgin soils lose organic matter when they begin to be farmed. Organic matter lev-
els drop rapidly at first, but eventually the loss of humus slows and @ new balance
is reached. Loss occurs partly because erosion washes away some humus along with
topsoil, Cropping usually returns less organic matter to the soil than does native veg-
etation. Interestingly, cultivated crops reverse the root-to-shoot ratio noted previously
for grasslands. That is, crops produce far more mass above ground than roots; after
harvest, less root mass is left 1o contribute organic matter o the s0il,

Most important, tillage stirs oxygen into the soil and raises its average temperature.
In one study in the Great Plaing, 42 percent of soil carbon was lost after 36 yvears
of cultivation,
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FUNCTIONS OF ORGANIC MATTER

Organic matter content can be mken as an important measure of soil guality, While
ihere is mo ideal organic content, we would say thar a soil losing organic matter is
losing quality, while one gaming carbon coment is becoming a higher quality soil.
Organic matler improves conditions of all mineral soils for many reasons. Organic
maiter helps sandy soils by increasing their water- and nutrient-holding capacity. It
improves clay soils by loosening them ol improving their tilth, In 3 2005 study, con-
sistent applications of organic matter increased production and outritional status of
crops on sandy soils, improved soil quality, and reduced the need for fenilization.!
This section describes these and other functions of organic mater in the soil.

Nutrient and Water Storage

Organic matter stores nutrients used by plants in two different ways, The Gest method
of storage resulis from the size of homuos particles, Like clay particles, humuos par-
ticles arce t'xlrcmrlg.' small with a relatively large surfiice area. Particles of this size are
called eolloids. Water and mutrients cling 1o the large surface arca of the colloids, a
process described later in the text. The passive fraction of organic matler mosi serves
this function,

Second, organic matter stores murents as a peert of its own chemical makeup,
released for plant use by de Humus contains most of the soil's supply of nitrogen,
boron, and mnl}lulr.-num. abn G0 peroent ol s ]:hl:m]lhuru:u.I angd =ik percent ol s0il
sulfur, Organic matter acis as i major reservoir of soil nutriests. In fct, in conventional
tillage svstems, tillage is a form of fertilization. Each time a field s tilled, a burst of
biological activity consumes some humus, liberming nitrogen for plamt growth, Before
the use of nilm{.:-.-n fertilizers, tillage was a major source of |}I;"||-;“' sl nitrogen, o
the detriment of long-term soil quality,

Baoth fresh orgamic matter and bumus absorh water like a sponge, holding about
six times their own weight in water. This is extremcely important in matueally dey and
sandy soils, In fact, the waters and notrient-holding capacity of organic matter is its
major beoefit in sandy soils.

While not a nutrient, some humic compounds have been shown o stimulate root
ancd plant growth directly, Preparations of such humic compounds are now available in
the marker as plamt growth promoters

Nutrient Availability

Humus not only stores nutricots, but also makes several nutrients more a
wse. AS organic imatiter deca ses mild organic acids, which dissolve sail minerals,
freving them for plant use. Soil phosphorus wends to form compounds i do not dissolve
in water, These forms cannot move in the soil, nor can plant reots absorh them. Qrganic
acids act on these compounds, making phosphoras more available for plant use.

able for plant

% it Fe

Hic mutrients, such as iron anmd zine, react with other soil chemicals o
1 humus molecules form g ring around the metal
cshund, These chelates protect metal atoms
I others more avai
is least available

Soumne el
insoluble compounds, Cert

foarm

the process called chelation (key-ls
from being locked in the soil, helping 1o keep iron, zine,
mis. Coppaer, on the other | I, i% =0 tightly Dound 1o humus th

in high organic ma

:
cr osuils,

RL FUETRES e, ML, et al, (2005 Eileors of I!.'l“:-'li'l Hizanie unedments ancd sl solarization on [ R
aned watermcbon growth, vicld, and sof bertaliny, Horidctomce, 40000, B84




Soil Aggregation

As mentioned earlier, organic matter causes soil particles to cump together to form soil
agpregates, and gummy subsiances produced by soil organisms bind the soil clumps.
Humus particles that coat mineral particles also bind those parcticles topether. Better
aggregation improves soil tilth and permeability. The soil is casier to work, better
bsorbs water more reacily, Bewer aggregated soils also bewer resist
is may be the most important way that heavy clay soils respond 1o
organic matter. The active fraction of organic matter most serves this purpose.

aerated, andd
compacticn.

‘eventing Erosion
Soils Kept supplicd with organic matter have an improved structure that greatly
improves water infiltration. Because water infiltrates soils high in organic matter more
quickly during rainstorms, less water runs off—water that can remove soil from the
ficld, Data used in the Universal Soil Loss Equation (a tool for predicting erosion raes,
described in Chapter 18) indicate that increasing a soil's organic matter from 1 percent
1o 4 percent can reduce erosion by one-third o one-filth, An cquivalent loss of organic

e woraldd norease crosion.

Undesirable Effects

Twor undesirable but temporary elfects can ocour during decay of fresh organic matier.
Pl Tirst effect is that nitrogen is ticd up in the bodies of microbes during the decay
provess, Mitrogen is immobilized and is not available for use by plants, an effect cov-
ered in more detail later in the chapter. A second effect is that certain plant residues
are oxic o other plants, The remains of some plants release chemicals during decay
thiat harm the growth of other plants, Dead quackgrass roots, for instance, until com-
pletely decomposed, may slow the growth of crop plants,

MAINTAINING SOIL ORGANIC MATTER

It shieuld be a goal of all growers to maintain organic matter at the highest practical level.
Egually important is the frequent addition of fresh organic matter. [¢is new organic mat-
tor that provides most nourishmoent for sail microbes and releases nutrients rapidly.

The active fraction, most responsible for soil aggregation and plant-available nitro-
gen, forms a small percentage of total soil organic matter, 10 percent to 20 percent.
Annual ackditions of organic matter readily maintain or even improve this level; on the
other hand, reducing the amoums of new organic matter or intensified tillage shrink it
quickly as well. Relatively small changes in the active fraction have a strong effect on
soil guality, even if wtal soil organic matter fails to rise deamatically.

The amount of organic matter in soil depends on the balance between organic mat-
tor inputs and losses. Inputs include crop residues, manures, malches, and others.
Losses include crosion and decay, Therefore, growers should aim to maximize addi-
tions of organic matter while minimizing crosion and slowing decay.

" .
Conservation Tillage

Moldboard plowing drastically loosens soil while burying crop residues. The sudden
mereEse i osoil oxveen accelerates the oxidation of humus, and close contict Between
crop residucs, microorganisms, moisture, and oxypen stokes an explosion of rapicd
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wheat crop residue. Crop residue
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decay that consunmws new organic matter quickly. At the same time, the bare soil that
Ferizinis alfler 1% I.'hl.'li:-.‘-d.'il IO erOseil. The active Feaciem ol \.-:ril OrEanc MmiElLCeT, which
contributes so much (o sail quality, is most mpidly depleted by tillage

Conservation tillage, espoecially no-till, reduces the influx of oxyagen into the soil.
Much of crop residue remains on the soil surface o decay slowly, Because the soil is
covered with organic litter, erosion is reduced, No-till fanming, which disturbs the soil
and residue cover the least (Figure 6-3), has the most powerful effect. Research has
-.h-::-n m that I1i_:-'|1” W CErLan rv::-p]'u:'l_-,: '-f;.\lq.'nl-\. (=TI FRTH g CH ETE) \.-:ril |||1_{.I.|'t'il;' Mo Ly B 3
on per acre per vear for several years, so significant improvements in arganic matber

content are Feasible under conservation tillage

Conservation tillage concentrates organic matter in the top fow inches of sail, especially
the top inch. Better soil conditions near the surface improve moisture infilteation, redoce

crusting ancd erosion, and make nutrients available where roots are most numeroes

Chapter 10 covers conventional and conservation tillige

Crop Residues
Conserving crop residues is a simple Best Management Peactice (BMI) for mzintaining
organic matter levels

Amic mutier

Simply leaving crop residucs in the soil is an casy way o provide o
With the exception of root crops, such as carrots, plant roots automatically sty in the
ficld after harvest, The aboveground parts of crops for which only the secd is har
vested are also usually left i the fickd. Natonally, growers harvest abowt one-third
ol coonomic

ic

of crop residue for fecd, animal bedding, or tuel. While there may be

reasons for harvestung or burming crop debris, the practice results in a loss of org

meaterials for the soil
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Growers can increase the gquantity of crop residues being returned to the soil by
proper fertilization. A well-fertilized crop produces a greater bulk of vegemation, both
roots ancd wps, resulting in more organic matter for the soil. Placing more crops that
vield high residue levels inte a cropping system also helps. A wheat crop, for instance,
prows iwice the organic bulk of a soybean crop.

Ihe homeowner's version of preserving crop residues is leaving grass clippings o
decay on the lawn, rather than removing them. They decay readily and do not contrily-
ute ter thatch, conteary 1o popular thought. As a bonues, these clippings can substitute
for one lvwn fertilization cach vear.

yeling

raur author uses a mulching mower to recycle yard waste right in the lawn, Weeds
fram the garden, twigs that fall from the shade trees, and fall leaves get tossed

on the lawn and chopped up finely by the mower. Chopped up finely, it degrades
guickly. Why waste perfectly good arganic matter, with its nutrients, by leaving
them bagged on the curb?

‘reen Manuring and Cover Cropping
Some vegetation is planted strictly as a soil management tool, rather than as a crop 10
b harvested, One management osoal of these practices, among others, can be o add
organic matter o the feld.

Green manure may be incorporated into four broad systems of production. First is
traditional green manure, planted as a main crop for Luer plowdown. This method is
partculardy useful o reduce erosion and weed growth on land that has been idled.
Otherwise, the loss of a paying crop for one season seldom justifies the practice for
inost growers, Howewver, it 15 a standard and important practice for nursery growers to
renew organic matter berween crops of trees and shrobs,

Two types of plants can be grown as green manures. Legumes such as clover or
verch are useful because, in addition o the organic matter they leave behind, the
nitrogen they fix supplies later crops. To get the most bulk of organic matter at the
lesy cost, or i nitrogen additions are undesirable, grasses such as oats or rye may be
used. Sudangrass, a tropical grass that grows to O feet, develops the greatest amount of
green matter and is particularly popular with nursery growers,

Where winter erosion is a problem, 2 cover erop may be planted in the fall after the
miain crop is harvesied. The green cover protects soil during the fall, winter, and early
spring when it is most crosion prone. The cover crop is then plowed down the fol-
lowing spring, or even better, simply Killed with an herbicide and planted into no-till,
Winter rve and other winter crops work guite well for this purpase.

A cover crop may also be planted immediately after harvest of a rapidly maturing
crop, like oats following peas in the same season. The crop could be Bill-plowed, IF left
until the following spring, this method also provides winter protection of the saoil.

Lastly, a cover crop may be planted between rows of the main crop. This cover is
sometimes called a companion crop or living nmwlch, The cover crop may be planted
later in the development of the main crop to reduce yield losses from competition,
Apain, plaming no-till into the Killed moterial the following spring increases the ben-
cfits over plowing it down.
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Crop Rotation

Economic factors often cause growers to avoid rotating crops, because it means growing
less profitable crops a few years. However, crop rotation improves soil humus. Studies
show that continuous cropping of row crops such as corn causes the greatest decline
in soil organic matter. Grains cause smaller loss, while meadow or hay legumes (e.g.,
alfalfa and clover) actually increase organic matter levels. Thus, a crop rotation of row
crops, small grains, and legume hay is better than continuous cultivation of row crops.

Organic Matter Additions

The sources of organic matter described so far are all grown in the field. Many grow-
ers or gardeners can import other organic materials into their fields, including animal
manures, organic wastes, sewage sludge, or compost. Compost is organic material
which has been allowed to decay above ground. The availability of these materials
depends on the kind of operation and the presence of local organic waste producers.

Manure is an important source of both organic matter and plant nutrients. For the farm-
ing operation that both grows crops and feeds animals, manuring recycles nutrients and
organic carbon on the farm. The cycle may be broken, however, if the feeding of animals
and the growing of feed crops are separated, as in some large feedlot operations.

Many industries generate organic wastesthatmaybelocally useful. Forestry by-products,
such as sawdust or woodchips, may be available. Meatpacking operations and canner-
ies also produce organic wastes. Yard and municipal wastes and sewage sludge may
also be available near cities. These organic materials are usually composted before use.
Because these sources can generate large amounts of compost, they are useful to land-
scapers and others who might want to amend soils. It has been shown, for instance,
that tilling a 2-inch layer of compost into a clay soil greatly improves the establishment
and growth of new sod in the landscape.

Homeowners usually have leaves, grass clippings, or other sources of organic matter
in their gardens. Some gardeners compost the leaves, clippings, and even table scraps
for their own use. Garden centers usually sell bagged composted manures and peat
moss. both useful for the home garden.

Chapter 15 covers the production and use of manure, compost, and sewage sludge,
the three main classes of organic amendments, in detail.

Mulches

Home gardeners often mulch their gardens by spreading straw, sawdust, woodchips,
or other materials several inches deep on the ground. As the organic matter decays
during the growing season, it enriches the humus content of the top few inches of soil.
Besides adding organic matter, mulches have other benefits:

Thick mulches smother annual weeds. More aggressive perennial weeds
may grow through normal mulches.

Mulched soil absorbs water much more readily than bare soil, improving
soil-water content and reducing erosion.

Mulches limit water evaporation from the soil surface, improving the
water content of the soil.

* Organic mulches moderate soil temperature.
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The fimancial returns on typical farm crops such as corn do not justify mulching.
Conservation tillage, however, does leave a mulch of crop residue on the soil sur-
face (Figure 6-5). Many growers mulch high-value crops such as berries or nursery
stock. Mulches almost always make striking improvements in the yields of blueberries,
strawberries, raspherries, and tree fruits,

Managing Soil Moisture

Any of the methods of water conservation or irrigation described in Chaprers 8 and 9
imcreases the bulk of orpanic matter growing in the field, The more the green matter,
the preater the amount of organic matter returned o the soil.

) .
Ma: m Cropping

e much as possible, soil should be covered with crops. Soils will be cooler, and more
organic maiter will be produced. Where possible, double-cropping, or the production
of two crops a vear, is desirable, Avoid Faillowing as much as possible,

NITROGEN IMMOBILIZATION

Sail Nora needs both carbon and pitrogen in their diet to grow and muliiply. %When
fresh organic matter is added to the soil—whether it be crop residues, green manure,
or mulch—the number of organisms rises because of the new food. These organisms
may compete with crop plants for nitrogen, causing a slowing of crop growth.

The organic matter of greatest concern contains a lot of carbon compared with
nitrogen. This can be measured by the carbon-nitrogen ratio (C:N ratio) of the mate-
rial. The C:N ratio of well-rotted manure is abour 20:1, meaning that there are 20 paris
of carbon for each part of nitrogen. Figure 6-6 shows the C:N ratio for soil and several
common organic materials. Matter with a low C:N ratio is nitrogen-rich; marterial with a
high C:N ratio is nitrogen-poor,

Young, fresh, green matter usoally has a lower C:N ratio than older and dead (brown)
material. As a leal ages, its cellulose (carbon} content rises while its protein (nitrogen)
content declines, As a leal reaches the end of its life, most of the nitrogen is translocated
ol of the leaf for use in other parts of the plant, so brown plant material ends o have
high C:N ratios. The effect of tissue age can be seen by comparing the C:N ratios of
young and mature alfalfa in Figure 6-6.

Let us see what happens when a large amount of fresh, nitrogen-poor material begins
1o decay in the soil. In response to the new food source, the population of decay
organisms rises rapidly (Figure 6-7). Soil microflora averages a low C:N ratio of about
8:1, lower for bacteria and higher for fungi, so they need o incorporate a lot of nitro-
gen into their bodies. Microflora feed on both carbon and niteogen in the material, but
with high C:N materials, nitrogen is guickly usced up. To make up the difference, flora
draws nitrogen from the soil. In the initial stages of decay, then, soil nitrogen is rapidly
ticdd up or immobilized,

During the period when nitrogen is being immobilized, there is o temporary loss of
free nitrogen, and crops growing on the soil suffer 2 nitrogen shortage. Crop growth
may slow, and crops may exhibit nitrogen shortage symptoms. This period of decay is
the nitrogen depression period.

After a time, most of the food is used up and the process reverses, Microorgan-
ism populitions decline and, when microorganisms die, the nitrogen stored in their
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bodies is released to the soil. In other words, nitrogen is being mineralized. When
decay is complete, the net gaim in soil nitrogen can be measurcd—ihe original nitrogen
plus that in the new organic matter.

Nitrogen tie-up can be viewed in terms of the balance between nitrogen immaohbiliza-
tion (which makes it unavailable) and n ralization (which makes it available), Both
processes occur at the same time but not at the same rate, While soil microflora have the
very low CiN ratio of 8:1, they need 1o ke in more carbon o fuel respiration for their
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energy necds, so take in material at a ratio of abour 24:1, Materials with a greater C:N ratio
than around 30:1 fvor immobilization; those with a ratio of less than 20:1 favor mineral-
pealion. Al rates between 20:1 ancd 30:1, the twa processes roughly balance. It is therefore
materials with C:N ratios higher than 30:1 that induce nitrogen immobilization.

Fhosphorus, sulfur, and some other nutrients undergo a similar process when organic
matter is added (o soil. Nitrogen tie-up, however, produces the most noticeable effecr.

Nitrogen te-up oceurs largely when low nitrogen materials are turned into the soil
anad rapid decay guickly depletes nitrogen in the root zone. Organic materials lying
on the soil surface—mulches and unincorporated crop residues—tie up less nitrogen
Because they are isolated from soil bacteria, soil water, and soil nutrients. Fungi do
growy hyphae oot of the seil up into surface liter, but not enough to make nitrogen
imimabilization @ comme r|:!||}' ROFIOALS pl.‘iilhlt:li'l.

Mitrogen Ge-up can be avoided in several ways, One way is to plant crops after
the natrogen depression period is over—when the decay of previous crop residues is
mostly complete, Another is wo fertilize with enough extra nitrogen to provide for the
necds of the micreorganisms, For instance, if sawdust is being vsed o amend soil,
some additional nitrogen fertilizer can be added as well, However, fertilization tends
ned o fully compensate for nitrogen withdreawal during decay. Minimum tillage should
also reduce nitrogen tic-up because the grower leaves more residue on the surface,

Fully compaosting erganic residues before incorporating them into the soil eliminates
nitrapen tic-up. Composting ideally mixes high-carbon residues (such as dead leaves or
chipped woodd) with high-nitrogen resiclues (such as manure or green grass clippings)
in ways that promote rapid decay, When complete, the N ratio falls to abour 15:1,
a safe addition o the soil. Furthermore, the percentage of this organic matter that re-
miains in the soil long term will be much higher than typical organic materials. Chapter 15
describes the composting process in detail.

ORGANIC SOILS

So far, we have discussed the organic matter of seils whose traits are largely set by
their mineral particles. These mineral soils contain only a small percentage of organic
matter, Soils containing more than 20 percent to 30 percent organic matter are called
arganic seils and are mostly classified as Histosols. These soils are much different than
mvineral soils. In organic soils, soil traits are set by the organic matter, Approximately
I of every 200 acres of American soil is organic. The five states with the most organic
soil are Alaska, Minnesota, Michigan, Florida, and Wisconsin,

Orpanic soils form in marshes, bops, and swamps. As aquatic vegetation, such as
reeds or catrails, dies each season, it sinks to the bottom. Lacking the air needed for
rapid acrobic decay and oxidation, material builds up on the floor of the wetland. Even-
tually wetlands may be completely Glled in by organic deposits resiching depths rang-
ing from 1 foot (o as much as 80 feet. Figure 6-8 shows a common organic soil profile.

Organic soils in which plant remains are url.l}' slightly dﬁ-l;a}ru:ci are commonly called
peat. Il the deposit consists primarily of fully decayed materials, it is called muck.
Squeezing a handful of fresh, wet soil can often ell them apart, Water that may be
brown, but not mudedy, squeezes out of a handful of peart, Muddy water runs out of
muck. Furthermore, peat contains plant vemains that are ae least partially identifiable;
muck does not. Soil scientists term slightly decayed plant remains fibric, moderately
decomposcd ones hemie, and mostly decayved materials saprie.

Figure 6-8

Profile of a typical organic soil
formed in a black sprucessphag-
num moss bog, Growth of
different types of vegetation at
different periods results in the
severdl layers of arganic
material shown, The lewer hofi-
zans are old horizons buried by
vegetation as the bog formed.
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The nature of organic soils varies not only by the degree of decay, bt also by the
types of plams the peat denves from, Sphagnum peat forms from sphagoum moss
(Figure -9 it is very acidic. Hypnum peat contains hypnum moss; compared to sphag-
num moss, it contains more lime and nitrogen and s less acidie, Reed-sedge peat forms
in marshes full of reeds and sedges; it s less acidic and more decomposed than the
other tvpes. There are also woeody peats that form in wooded swamps.

Organic soils are very light, porous, and loose. A cubic foot of fibric peat can weigh
as little as a rwentieth of a mineral soil. More decomposed 1vpes, such as sapric muck,
weigh more, as do sodls that bave been caltivated, The heaviest organic soils may
weigh about a third of mineral soils.

These soils can soak up great amounts of water. Sphagnum peat can hold 10w 20
times its own weight in water, reed-sedge about 5 times, and coltivaged mucks about
twice their weight. Peats are often added 1o soil to improve its waree-holding capacity.

Before fertilization, many organic soils are quite low in plant nutricons. Muck soils
are mtrogen-rich, but are generally low in phosphorus and potassiom. Sphagnum peat
is low in most nutrients. However, once fertilized, organic soils retain nutrients well

Organic soils are excellent for the production of certain vegetables, including onions.
celery, lettuce, carrats, and other root crops. Warme-season vegetables such as toma-
toes and melons do not perform as well. Mint, hay, and turfgrass seed are also favorite
crops for peats. Peats are especially valued for sod production, because of ecasy harvest
and light weight. About 700,000 acres of organic soils are planted 1o these specialty
Crops, for gross value of abow 1 billion dollars anoually.,

Unformunmately, peat presents some interesting challenges. After peatland is cleared of
brush and drained. exposure o air speeds decay. Soil begins wo disappear, changing
o carbon dioxide. Added o compaction and wind erosion, the land sinks, a process
called subsidence. The warmer the climate, the more rapid the loss, In some parts of
Florida, soils may lose as much as 2.5 inches of depth annuoally.

In addition, organic soils are flammable, and peat fires are noteriously hard o puot out,
Being loose and light, wind carries off organic particles easily. Because peats are 2t low
elevation, they are often frost pockets, making it difficult to grow tender crops. Lastly, the
black soil can get so hot during warni, sunny days that young seedlings may be damaged.

The following practices can help avoid these problems:

* Design drainage systems that keep the water table as high as possible.
This will reduce subsidence by decay,

* Install sprinkler svstems. They can be used to control frost, cool the soil
on et days, wet soil 1o reduce wind erosion, or even to drench peat fires.

* Use wind erosion control echmigues (see Chapter 18), but avoid tall
windbreaks that reduce air movement, That increases the chance of frost
and can increase soil temperature,

Harvesting Peat

Peat, mostly sphapnum peat, s harvested for pwo purposes: energy and  horticul-
ture. Peag is, i a sense, a precursor of coal, and can be harvested angd burned as a
fuel source. Several BEuropean countries, most notably Finland, harvest peat for fuel.
Because of fear of coological damage, neither Canada, which has very extensive peat
deposits, nor the United States currenly harvest peat for fucl.
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Plesrniculiunal peat, however, is widely harvested in North America, especis
Caneha, which harvested over 10 million cubic meters (Close o a cubic yarcd) of horti-
ciilirzl et [T R R B L T p;|r1'i|:_'|.:||;||:|1_|.' hi'th;'lgnul:l'l Peal, POSsesses |‘.r|'1’:|3‘.||:'|’[i1.'.~i clesirable
for inclusicon in potting mixes and as soil amendments, mulches, and shipping materials
1
for acid-loving plams such as azaleas,

yoin

for nursery stock acichity of sphagnum peat lends itsel§ well as a soil amendment

s Dvzrwest peast, @ bog is cleared and drained. The soil is then plowed and disked or
otherwise stirred o promote dreving of the surface laver. The dried peat can then be
picked up and stockpiled and bagged for sale (Figure 6-10).

OF course, all commercial uses of organic soils, whether for growing, energy, or
horticaltucal peat, present environmental challenges. Before commercial use, these
were wetland coosystems, with important ecosystem functions described in Chaprer 9.
Bag HLTE= G ol I]tuu,' l-ll.ﬂt'lll:hr'l:\:. gu\.'l:ruu.:cﬂ[._\' 11:: W i.\.'il.lr;ﬂ 11‘1.'_I|J|.'.Ili1’!ll'|"r gnw_-miug their con-
version o agriculture or other human use. Peat can be a slowly renewable resource, so
long as it is harvested at a low enough rate and bogs are correctly restored, Great care
needs o be mken (o ensure sustainable use of the resource.

SOIL ORGANIC MATTER
AND GLOBAL CLIMATE

Let us close this chapter with the observation that soil organic matter affects not only
coosysiems and groswvers, bt alsoe global climate itsell, Soil organic mater interests
climate rescarchers because it is one of the earth's largest rescervoirs of carbon, When
it decays, carbon dioxide, the main greenhouse gas, is released into the atmosphere.
When more soil organic matter is created, carbon dioxide is removed from the atmo-
sphere, Thus, the fate of soil carbon affects global climate,

After preparation of the top layer
of the bog for harvest, peat moss
s harvested by this glant vacuum
cleaner, and bagged for sale as

4 soll amendment, ([Courtesy ol
Premuer Tech)
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If the earth warms, decay rates should specd up, releasing more carbon dioxide and
increasing climate change even more. On the other hand, maybe higher carbon dioxide
levels will increase plant growth, and more carbon will be returned to the soil, Unfor-
rinately, models suggest that the former is more likely,

In the meantime, we can recognize that growers, by affecting the carbon content of
their soils, actually have some influence on global climate. As mentioned in Chapter 1,
as serious efforts o reduce carbon dioxide in the armosphere begin, soil users may be
asked 1o “grow carbon” in their soils, W increase their rele in carbon sequestoation. We
are beginning to understand how that might work. For instance, computer modeling
indicates thar switching from conventional tillage o no-tll might, on average, sequester
20 1o 230 pounds of carbon per year per acre (1 to .26 metric tons per hectare), and
reduced tillage about half that much. In the same study, switching from cropping of
continuous anmuals 1o permanent hay or pasture sequesters about 450 to 1,400 pounds
carbon per acre per vear (05 to 1.5 metric tons per hectare), The greatest potential lies
in fine-textured soils that preserve soil carbon more readily than coarse-texiured ones.

Two simple objectives would go a long way wwand sequestering more carbon in
farmland soil: manage prime farmland lor conservaion of soil carbon, and convert
marginal farmland o permanent vegetative cover.

While much carbon can be stored in agricultural soils, the amount is himited, Any
particular soil’ can hold only so much carbon. With changes in cropping practices
1o store carbon, soil organic matter content rises until it reaches a new equilibriom,
bevond that, further increases are not practical. Furthermore, if cropping practices
change again, for instance, converting Conservation Reserve Program (Chapter 200 land
to corn production, the previously stored carbon reenters the aitmosphere.

Histosols and Gelisols present a particelar concern, Both are gigantic carbon reser-
voirs held in place by cold and/for wetness. Histosols alone comain about 20 percent of
the world’s soil carbon. Both climatie warming and dreying could result in the release
of substantial amounts of greenhouse gases such as carbon dioxide and methane. This
would further accelerate climate change. Drainage of wetlands for agriculture or peat
harviest presents the same possibility.

TEwve, AL, v oal. (2002, Predcted impact of management clunges on soil carbon sterape for cach cropland
region of the coterminous Undted States, Sl of Seil and Wiler Conserralion, 57, 196=205.

SUMMARY

Detritus, the remains of plant and animal material, is made
of such compounds as carbohvdeates, lignins, and protein.
Microorganisms decry such material into cirbon dioxide
angd the more resistant residue, humus, Duriog the decay
process, microbes can tic-up soil nitrogen,

The amount of organic matter in soil depends on vegeta-
tion, climate, sodl texture, soil drainage, and illage, The
highest onganic matier mineral soils are usually virgin
prairie soils formed under fairly cool, moist conditions,
Forrest soils and those of warm climates are lower in
organic matter.

Organic matter and humus store many soil nutrients.
They alsa improve soil stiucture, loosen clay soils,
help prevent crosion, and improve the water- and nutrient-
holding capacity of coarse or sandy soils, Qrganic matter
comes from crop residues, animal and green manures,
compast, and other organic materials, Proper fertiliza-
tiom, conscevation tillage, and crop rotation belp preserve
GrpgEnic malter.

Organic soils, widely uscd for vegetable and sod
production, form under the low-oxygen conditions of a
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swamp or bog. Peart is light and porous, and holds
water well, Onge the swamp or bog is drained,
however, peat slowly disappears by oxidation and

Because soil organic matter is a large reservoir of carbon
that can feed carbon dioxide into the atmosphere or with-
draw it, soil organic matter is a subject of global climate

winel erosion.

REVIEW

change research.

1. Name crops commenly grown on organic soils. T
Why is such a soil particularly well suited to
these crops?

2. Compare the effects on the degree of nitrogen tie- B.
up of urning sawduest inte the seil, turning alfalfa

1k
hay foto the soil, and mulching with straw. Speak in
terms of mineralization and immobilization.
5. Gnber things being equal, which would you expect 10
tey have the sreatest organic matter content, clay
loam or sandy loam, Why?
i, Explain the role of small insects in the decay of
fresh orpganie matler,
= 11.

5 Could noill agriculture help reduce global warm-
ing? How about switching from grain-fed 1o grass-
fed beel? Explain your answer.

0. Maple leaves decay more readily than oak leaves,
or are more labile, Speculite on reasons why that
mighn be.

ENRICHMENT ACTIVITIES |

Describe the full decay process whereby humus is
created from fresh leaves on the forest floor, What
soil horizons result?

How does soil organic matter affect plant growth?

Describe ways of using cover crops. Do you think
there are benefits besides maintaining soil organic
matter levels?

What mizht be the undesirable side effects of har-
vesting horticultural pemt? For help, you can check
the Internet site of the Irish Peatland Conservation
Council at <httpe/fwwalipoc.ie> or numerous other
sites that can be found with your browser,

Toward the end of this chapter, the authaor listed
two broad objectives for increasing carbon seques-
tration on farm lands. As this chapter was being
revised, policies for maximizing biofuels production
were being authorized. How compatible are these
broad goals, carbon sequestration, and biofuels
production? Speculate,

1. Observe the effects of nitrogen tie-up by growing corn in pots using two different soil mixes. Grow one group
of plants in a normal but unsterilized soil mix. Grow another group in a mix that is half fresh sawdust. Note dif-
ferenoes in crap appearance or growth,

P

The Soil Science Society of America has a position statement on carbon storage in soils, the effects of manage-
ment, and possible elimatic effects. I is ar <htepdwoew. soils.org/pdffpos_paper_carb_scq.pdfs.

3. The United States Geological Survey also has a Web site on carbon sequestration, at <httpy/fedcintl.crusgs.gov’
carbonsequestration, himl=,

4. A Web site on peat bogs can be found at <htitpedfawaowipecie/wptourhomel himib>.

3. There is good information in the extension bulletin “Organic Martter Management” at <httpyfawww.extension.
umn.edudistributionfcropsystems/ DCTH02 himls,
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Soil Water

OBJECTIVES

After completing this chapter, you should be able to:

- identify the role of water in plant growth

- define the forces that act on soil water

= classify types of soil water

«» discuss how water mowves in the soil

- explain how plant roots remove water from the soil
= describe how to measure soil-water content

We have all watered plants, whether it be a corn field, a home lawn, or
houseplant on a window sill. We all know that plants, above all, need water.
Forget to fertilize your houseplant, it survives; forget to water, it dies. We
ke watering for granted withowt understanding what is happening in the
soil. Why exactly does the water from the lawn sprinkler enter the soil,
and not just puddle on top? One might answer that gravity pulls the water
doren, but then why can you water a houseplant by senting it in a pan of
witter, asking the water to move w?? Does the homeowner with the sandy
soil water as much or as often as the one with the clay soil in the yard?

This chapter begins a sequence of three chaplers concerned with soil
witter, In this chapter we talk about how plants use water, how it behaves
in the soil, how we can measure it, and even the shape of the water mol-
ecule. In short, the basics. The reader may want o review Appendix 1,
ally the concept of a gretcdicaf.

=

HOW PLANTS USE WATER

On the average, crop plants consume 500-T00 pounds of water 1o produce
a single pound of dry plant matter; a single corn plant may absorb as much
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as 50 gallons of water during the growing season, a tomato plant over 30, Obviously,
most crop plants require very large amounts of water, and water deficiency commonly
limits crop growth and productivity, Water availability also partly defines what planis
occupy which naturil ecosystems. Water is vital to growers—and ecosvstems—because
of several functions it serves in plant growth:

* Plant cells are largely made up of water. Plant tissue is 50 percent 1o 90
percent water, depending upon the type of tissue.

When plant cells are full of water, plant tissue is turgid (stiff) because of
internal water pressure. This keeps stems upright and leaves expanded 1o
receive sunlight.

Photosynthesis uses water as a building block in the manufacture
of carbohydrates.

Transpiration, or evaporation of water from the leaf, cools the plant.

Plant nutrients dissolved in soil water move toward roots through
the water. Water is thus important in making nutrients available
to plants.

Water carries materials such as nutrients and carbohyvdrates throughout
the plant.

Water 15 the solvent in which chemical reactions occur in the plant.

Maoist soil has lower strength than dry soil, easing root growth.

Maoisture is required for microbial activity.

Effect of Water Stress

Water stress is caused by a shortage of water in plant tissue. Stress ocours even at
moisture levels that do not cause wilting because as soil dries, it becomes increasingly
difficult for a plant to absorb moisture. As the plant becomes deficient in water, guarnd
cells begin to close stomata, slowing exchange of oxygen and carbon dioxide. Reduced
exchange of the two gases slows photosynthesis and plant growth is inhibited.

As soil dries further, the plamt becomes even more water deficient. The plant
begins to lose water faster than it can be absorbed and it temporarily wilts. At this-
temporary wilting point, the plant recovers when conditions improve. Wetter soil,
cooler temperateres, a more humid atmosphere, shade, or less wind help the plant
recover, Although the plant recovers, episodes of water stress reduce growth and crop
vields. With further drying, soil becomes too dry for the plant 10 access any water,
and the permanent wilting point is reached. Mow the plant will not recover even if
conditions improve.

Plants suffering from chronic water stress exhibit a variety of symptoms, including
small, poorly colored leaves, loss of leaf turgor, and reduced growth, Old leaves often
turn vellow and drop off. Some plants show specific symptoms of water stress. For
example, the leaves of corn plants curl when they need water, and the leaves of sugar
maple trees scorch.

Seed gpermination is very sensitive to water shortipe, While seeds efficiently
absorb moisture through the seed coat, the emerging seedling is easily injured by
dry soil.
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Effect of Excess Water

Excess moisture displaces air from soil pores. While small amounts of oxvgen are
dissolved in water, it is quickly used up by soil organisms. While oxygen can diffuse
through water-filled pores, it does so about 10,000 times more slowly than through air-
filled pores, so wet soil rapidly becomes oxygen deficient, or anaerobic,

Plant roots require axygen for respiration. Roots lacking oxygen fail to take up water
and nutrients properly, so plants growing in wet s0il often exhibit symptoms of nutri-
ent deficiency or even wilt. Fungal diseases attack the damaged roots, causing root rots.
Carbon dioxide and woxic materials often build up in the soil, further damaging roots.

Plant species vary in their toelerance of soil saturation. Wetland plants possess adap-
tations to soil wetness, while some crops, such as tomato, may die within a few hours
of “wet feet.,” The common landscape yew is o sensitive to wet soil that it should never
be placed where there is any question about drainage—Ilike next 1o a downspout from
the gutters.

FORCES ON SOIL WATER

A number of forces influence the way water behaves in the soil. The most obvious
is gravitational force, which pulls water down through the soil. Other forces, called
adhesion and cohesion, work against gravity to hold water in the soil. Adhesion is the
artraction of soil water to soil particles, while cohesion is the attraction of water mol-
ecules to other water molecules.

Adhesion and cohesion result from the shape of the water molecule ancd the way
an electron is shared in the oxygen-hydrogen bond. Examine the two water mole-
cules pictured in Figure 7-1. Hydrogen consists of one proton and one electron. Each
hydrogen shares its one clectron with the oxygen atom. Each shared electron tends to
sit berween the oxygen and hydrogen atoms, leaving the positively charged protons
positioned on one side of the molecule. As a result, that side has a slightly positive
charge, while the oxygen side assumes a slightly negative charge. The water molecule
is then like a bar magnet—positive on one end, negative on the other. We call such a
molecule a polar molecule, one with a charge separation between the two ends. Like
bar magnets, the opposite ends of water molecules attract.

The bond between the hydrogen of one water molecule and the oxygen of another,
called a hydrogen bond, accounts for cohesion. Hydrogen bonding also accounts for
adhesion. The main chemical in soil minerals is silica (quartz is pure silica). Silica, with
the chemical formula 5i0,, has oxygen atoms on its surface that can form hydrogen
bonds with soil water.

Together, adhesion and cohesion create a film of warter around soil particles. The
film has two parts. A thin inner film is held tightly by adhesion. Adhesion water is held
0 tightly that it cannot move, A thicker outer film of water is held in place by cohesion
to the inner film. Cohesion water, or capillary water, is held more loosely, can move in
the soil, and can be absorbed by plants. Thus, plants use cohesion water that is cling-
ing loosely to soil particles.

Capillarity
Soil water exisis in small spaces in soil as a film around soll particles. The small pores
can act as capillaries. A capillary is a very thin tube in which a liquid can move against
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Figure 7-2

Capillary action is shown by move-
ment of water upward against
gravity in a caplilary tube. The
thinner the tube, the higher the
water column rises. Soil pores can
act as capillaries,

the force of gravity, as shown in Figure 7-2. Water is attracted to the glass wube by
adhesion so a thin film flows up the side of the wbe, while cohesion drags more water
along. The liquid rises to the point where gravity balances the adhesive and cohesive
forces. The narrower the tube, the higher the water column can rise.

Capillary action, the additive effect of adhesion and cohesion, holds soil water in small
pores against the force of gravity. The fact that soil water can move in directions other

Figure 7-1

Twowater molecubes attract
because the electrical charge is
unegually distributed, The "plus®
side of ene molecule attracts the
“rminus” side af anaother, forming a
hydragen bond.



than straight down is also due w capillary action, which also explains why you can water
a potted plant from below. The smaller the pores, the greater that movement can be,

Soil-Water Potential

Plants obtain moisture by drawing off water from films surrounding soil particles, The
difficulty of the process depends on the strength of the force attracting water maol-
ecules to soil particles. Until recently, this force was measured by the soll-moisture
tension (SMT), which stated how much “suction” is required to pull the water away
from the soil particles,

Currently, soil-water potential is the concept used (o measure soil-water forces. Soil-
water potential, which is just another way 1o express the forces measured by SMT, s
defined as the work water can do when it moves from its present state to a poeol of
pure water in a defined reference state, which is assigned a potential value of zero.
More simply, one can think of potential as the tendency of water to flow or move freely
in the soil; the higher the water potential, the more freely it can move, The more freely
it can move, the more available it is wo plants.

Potential is a measure of the water's potential energy, its ability to "do work” by mowve-
ment. As is the rule of energy behavior, water ténds to move toward a lower energy
state, or 1o decrease its potential. This rule dictates the behavior of water in the soil.

We can view water potential as the relative energy of water in a certain location
compared to water in another. This is true whether we speak of water in a plant cell,
in soil pore spaces, as vapor in the atmosphere, or even in cells of the reader’s body,
Water moves from locations of high potential to locations of low potential, from wetter
1o drier.

Consider raindrops falling on a dry seil. This water is capable of great movement,
s0 has high potential. Infiltration occurs because water will readily move 1o a state of
lower potential—and this occurs when free water enters a pore at the soil surface,

An important point about the soil-water potential concept is that what matters to a
plant is not so much the amonnt of water in the soil as it is the energy, or potential,
of that water. Potential is a2 measure of work the plant will have to do to extract water
from the soil. While the amount of water in the soil partly defines its potential, so do
other factors such as pore size and soil salt content. The consequences of this point
will become apparent in this chapter,

Now consider a water molecule located far from a soil particle (Figure 7-3). At this
distance, forces attracting the molecule to the particle (adhesion and cohesion) are
weak, and the water molecule can move relatively freely. It has a high water potential.
Compare this to a water molecule very close to a seil particle, perhaps in a tiny pore.
The attractive force at this distance is very strong, and the water molecule is fixed
tightly in place. It has low potential. In small pores, all the water is near a soil particle
and is thus at relatively low potential; in larger pores, some water can be farther away
and therefore be at higher potential. The lower the soil-water potential, the more tightly
water is attracted to sofl particles and the less freely it can move.

Soil-water potential consists of the sum of several separate forces. Three of these
are sufficiently important to discuss here. In most soils, the main foree is the one just
described, the matric potential, the potential that results from the attraction of water
1o soil particles. Matric potential is always a negative value because of the definition of
potential. Adsorbed water has less ability to do work than free water in a pool, which
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is defined as zero potential. Rather than being able to do work, work must be applied
to adsorbed water to move it.

A second force is the gravitational potential. Scil water is elevated above the water
table and so carries potential energy from gravity. To achieve a lower energy state,
water simply percolates through the soil to a lower elevation. Gravitational potential is
usually a positive value.

The third force, osmotic potential, is most important in soils of high salt content.
Because water molecules are polar, they are attracted to charged salt ions. For instance,
the positive end of a water molecule will be attracted to a negatively charged ion. This
attraction lowers water potential. Another consequence is that ions in the soil solution
are enveloped in a cloud of water molecules that are weakly attached by electrical
attraction. In soils of low salt content, osmotic potential makes a minor contribution to
total soil-water potential. Osmotic potential is always a negative number, because the
reference state is pure water without dissolved ions.

Total water potential can be expressed by the formula:
Woau=W +W +W,

This says that total water potential is the sum of the gravitational, matric, and asmotic
potentials. These values can be measured and expressed in several different units. The
official unit of water potential, acceptable for scientific publications, is the megaPascal
(MPa). Still in common usage is the older term bar, which is equivalent to 0.1 MPa and
is slightly less than one atmosphere pressure (14.7 pounds per square inch).

Soil-water potential is usually a negative number because its largest part, the matric
potential, is a negative value. The larger the absolute value of the negative number, the
lower the water potential. When we say soil-water potential is high, we mean the value
is less negative, that water is loosely held, able to move readily, and easily available
to plants.

Figure 7-3

Energy level, or potential, of
water molecules near a soil par-
ticle. The closer a molecule is to
a soil particle, the more
restricted its movement, the
maore tightly bound it is, and the
lower its potential.
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A water film, showing bars of
potential. A plant root must work
to overcome that potential,
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Figure 7=4 shows a water film with bars of potential, The force varies through the
film—the closer to the particle, the Jarger the negative potential, and the more work
must be done to pull the water away. The potential for water in the soil, as a whole, is
expressed as the most weakly held water in the soil.

TYPES OF SOIL WATER

Consider what happens after a heavy rain, At first, soil pores are filled with water, This
is called saturation; see Figure 7-5B. At saturation, matric potential is essentially zero,
and gravitational potential dominates total water potential, In larger pores, some water
is far enough away from the nearest surface that its gravitational potential exceeds
matric potential. That is, the force of gravity can overcome the weak attraction of that
water to soil particles, and it will flow downward rather than be held in place. The
extra water, called gravitational water, drains through the soil profile, usually within
24 to 48 hours in a well-drained soil.

Eventually drainage ceases. The soil moisture level at that point is called field
capacity. At field capacity, water films are thin enough to hold against gravity, and
matric potential now balances gravitational potential. Soil-water potential is about =1/3
bar (Figure 7=5C) Air fills the interior of large pores, while micropores remain water
filled, and thick films of cohesion water surround each soil particle. Plant growth is
most rapid at this ideal moisture level, because there is enough soil air, yet water is
held loosely at high potential, We can also look at water content of soil at field capacity
as that soil's capacity to hold water against gravity.

When drainage stops, water removal by plants and evaporation from the soil surface
continues to deplete cohesion water, shrinking soil-water films, As water films thin,
the remaining water clings more tightly, being held at lower potential (larger negative
value). It becomes increasingly difficult for plant roots 1o absorb water. Eventually, at
the permanent wilting point, most cohesion water is gone and the plant can no longer
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overcome the soil-water potential (Figure 7-5D). As the wilting point approaches, water
becomes stuck in place; it cannot move quickly enough toward the root through the
soil to support plant needs. The plant wilts and dies. The potential at this point varies
according to plants and conditions, but is usually about =15 bars for typical plants, At
this moisture level, water films are about 10 molecules thick. Some desert plamis have
adaptations that permit them to draw on water at much lower potential.

Beyond the wilting point, some cohesion water remains but is unavailable to plants.
The rest of the cohesion water may also evaporate, leaving only a thin film of adhesion
water, This point is called the hygrnsmgic coefficient, the point at which the soil is air
dry. Hygroscopic water, as it is called, is held to particles so tightly, between —31 and
—10,000 bars, that it can only be removed by drying sail in an oven. In fact, the strength
of the soil-water potential is so great that if oven-dry soil is exposed to air, it will bind
water vapor from the air until the soil moistens to the hygroscopic coefficient.

_ Soil Water “
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Available Water

Available water 15 that part of 301l water that ean be absorbed by plant roots, Gravita-
rional water is largely unavailable, because it moves out of the reach of plant roots, and
if the excess water is unable to drain away, roots become short of oxyeen aned fail to
function. Adhesion water cannot be removed by roots, so it is also unavailable o the
plant. Only some cohesion water can be used by plants. Available water is defined as
Iving between the field capacity and the wilting point or between approximaely —1/3
and =15 bars. In loamy soil, available water amounts to about 25 percent of the water
held at saturation.

WATER RETENTION AND MOVEMENT

Both the retention of water and the movement of water in the soil are governed by the
energy relations just described. We can begin by looking at water retention.

Water Retention

How much water can a particular soil retain and make available to plants? Actually,
these are two separate questions, because only the portion of soil water between field
capacity and wilting point is available to plams, Both the total water-holding capacity
and the available water-holding capacity are based mainly on soil texiure,

Sand grains are large, s0 the internal surface area of a sandy soil is quite low. Thus,
there is little surface to hold water films. In addition, pores are large enough that much
of the valume of each pore is too far from a surface 1o retain water against gravity, The
opposite is true of clay soils—they have small pores and a large internal surface area,
Thus, soils high in sand have a low total water-holding capacity, while sails high in
clay have a large water-holding capacity.

Mot all this water is available to plants, however. In a soil high in clay, clay particles
are crowded together tightly, leaving tiny pores. Any water molecule occupying a pore
space will be close to a clay surface; therefore, it will be tightly bound at low water
potential. Sand is the opposite. With large pores, much of the water can be fairly dis-
tant from a grain; therefore, it is held at high potential.

This leads 1o two rules. First, water in fine soils is held at low potential and warer in
coarse soils is held at high potential, so it is easier for planis 1o remove water in coarse
than in fine soils. Second, because most water in high-clay soils is held at low poten-
tial, much is unavailable to plants. In contrast, most water in a sandy soil is available.

Silt and very fine sand are a special case. They are small enough that there is a high
surface area to hold water. Pores are small enough to hold a large amount of cohesion
water but large enough that much is held loosely at high water potentials. Thus, soils
high in silt hold large amounts of plant-available water.

Ta hold the largest amounts of plant-available water, soil needs a mixture of large
and small pores with many of the medivm-sized pores caused by silt and very fine
sand. Figures 7=6 and 7-7 show the effects of texiwure on soil-water retention. There are
several important points to note in the fgures:

* Fine sandy loam holds mone water than regular sandy loam, reflecting
the influence of very fine sand.
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* Clay has the highest total water-holding capacity, but holds no more
available water than a sandy loam,

= Medium-textured soil has the highest available water-holding capacity,
especially silt loam.

Organic matter also influences water retention. For instance, a silt loam with 4 percent
organic matter has twice the capacity of one with 1 percent organic matter, In coarse
soils, organic matter can make a big difference in how much water the soil holeds,

Water Movement

Horticulturists suggest that trees be watered by letting a hose trickle on the ground.
How will water move into the soil?

Figure 7-8 shows penetration of water over time for two soil textures. First,
water infiltrares the seil, then it percolates downward through the seil profile.
The distance, direction, and speed of travel are set by geavity, matric forces, and
hydraulic conductivity.

Water retention of several oil
textures. (Adapted from Water:
The Yearbook of Agriculiure,
LS04, 1955)

Water-holding capacity af sails at
field capacity (upper curvel and
wilting point (lower cunve), Avail-
able water lies between the two
curves. (A) Silt loam holds the
most available water, (BN While
clay hobds the most total water,
miast is unavailable. (Adapted
frowm Water: The Yearbook of
Agriculture, USDA, 1955)



Wetting pattern in soil. This
represents the way waler pen-
etrates the soil from a trickling
hose. The shaded area shows
penetration after 24 hours. The
bars show how deep 2 inches of
water penetrates {or each soll
texture, The figuné shows that
water peroolates more slowdy
and less deeply In the clay Foam
but moves further laterally.
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Sandy loam

Directly below the nozzle of the trickling hose is a column of percolating water.
This water is gravitational water, moving under the influence of gravity. It is called
gravitational flow. Gravitational flow only occurs under saturated conditions, when the
matric potential is so low that it cannot hold water against gravity. Because it occurs
under such conditions, it is also called saturated flow. At saturation large soil pores are
full of water, and water flows readily through those large interconnected pores.

Sarurated flow resembles the flow of water through water pipes. In a water pipe,
water encounters friction as it flows along the pipe wall, causing a drop in water speed
and pressure. The narrower the pipe, the greater the friction losses. Similarly, water
flowing through soil suffers friction losses; the smaller the soil pores, the greater the
losses. Thus, coarse soils permit more rapid water movement, or have greater hydraulic
conductivity. Figure 7-8 reflects this fact.

Because gravity is directed straight down, how does water spread sideways, as it
obviously does in Figure 7-87 Lateral movement is by capillary flow, the flow of cohe-
sion water through capillary pores in the soil. Recall that water tries to achieve a low
energy state, It does this by moving from arcas of moist soil Chigh water potential) to
areas of less moist soil (Jow water potential), or put another way, from areas of thick
water films 1o areas of thin Hlms, Capillary flow can occur in any directon—up, dowi,
or laterally (Figure 7-9). In fact, the downward movement of water is aided by capillary
fow. Dry soil below palls water downward from the wetted soil above,

Capillary flow occurs in unsaturited soil, so is called unsaturated flow. In unsatu-
rated flow, the largest pores are full of air, =0 water has to move around these voids.
Water fows through water films and smaller pores that still are full of water, closer to
soil particles.

Unsaturated flow depends on unbroken films of water spreading through a series of
connected capillary pores. This is like siphoning water—if a bubble gets in the siphon
tube, water stops flowing. In sandy soils, large pores contain “air bubbles® thar break
the continuous water film. Thus, the clay loam soil in Figure 7-8 is capable of carrying
water farther laterally than the sandy loam.
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Water (ows by capillary action most rapidly and extensively if the wet area is wetter
than field capacity, and slows dramatically thereafier. As long as the hose in Figure 7-8
Lq'-.';n L |-:'|x|:||:;:_ the core of saturated soil under the hose .'i'l.lprﬂi.l.'.'i free water to ]-{1.'1.'1‘.!
water films thick where capillary flow is occurring. What if the hose is shut off? The
column of saturated sail drains 1o Geld capacity, and the soil begins o dry. Water filims
thin out and become discontinuous, and unsaturated flow slows dramatically. As a
resull, unless there is a nearby source of saturated soil, capillary flow occurs very
slowly over very short distances, often a fraction of an inch per day.

o summarize, saturated flow downward is the movement of gravitational water,
usually percolation. [t occurs most rapidly in coarse soils with large pores, Unsaturated
flow is the movement of water from moist to dry soil Chigh to low potential) by capil-
lary action, in any direction. Large pores in sand inhibin unsamurated flow.

Flow rates of water in the soil depend on how steep the potential gradient is
between wet and dry locations, and how easily the soil conducts water, measured as
hydraulic conductivity. Where there is a steep gradient—a large difference in wet
over a short distance—water flows relatively rapidly. Conductivity depends on friction
bBetween water and soil particle surfaces and pore constrictions and tortuosity. These
are more severs in the small pores of finer-textured soils. Conductivity also declines as
s0il dries, because thinner films means more friction losses, the pores are less continu-

Lt

ous, and the remaining warer is more strongly attached to soil particles.

The Wetting Front

Figure 7-8 shows that water advances into the soil with o definite wetting [ront—mwet
behind a distinet line, dry ahead of it, In dey sail, thin and discontinuous water films
have less ability 1o “pull” water deeper into the soil. Water cannot move forward until
films behind the front are so thick that soil particles let go of the water, Behind the

Subsurface drip Irrigation In a
Califernia tornato fleld. Water
trickles aut of the device shawn.
Water moves by capillary action
in all directions 1o maisten crop
rets. (Couriesy of US0A, Matwral
Resources Conservation Service}
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front, soil is nearly saturated; immediately ahead of the front, soil is still unwetted.,
One cannot “half-wet” a soil volume. Either all of a soil is wer, or else part is wet and
part is dry. To water crops properly, growers must understand this fct.

Capillary Rise

Water moves upward in the soil as surface layers dry, moving from areas of high
potential 1o areas of low potential. This upward movement is called capillary rise. The
subirrigation of Figure 7-0 depends on capillary rise o deliver water into the rool zone
of the tomato plants.

Because of capillary rise, soil water can evapocate from the soil surface, However,
capillary rise does not continue until the entire soil column dries. When the surface
dries, cohesive films become too thin for capillary flow, so upward migration almost
halis. This ereates a sharp boundary between the dry surface and a moister soil below.
The boundary protects against further rapid moisiure loss,

Generally, capillary rise does not bring much water from deeper in a soil to plant
rool systems, because unsaturated flow works sclely aver a short distance, The plant
still extends its roots into lower horizons o draw water. However, where there 15 a
water table near the surface that is a source of saturated soil, capillary rise does carry
moisture 10 plant roots, One method of irrigation makes use of capillary rise. Some
greenhouse potted plants are even watered from below by placing pots on benches
that can be Mooded.

In dry climates, or in potted plants, as water rises to the surface it carries dissolved
salts with it. These salts are left behind when water evaporates, so they build up in
the root zone. Salts may reach levels that injure the plant, The problem is countered by
overwatering slightly during irrigation, washing excess salts deeper into the soil or out
of the pot.

Effect of Soil Horizons

Figure 7-8 suggests that water flows differently in soils of different textures. Normal
soil profiles contain horizons that may differ in texture. What happens when percolat-
ing water meets the boundary between two horizons of very different character?

In Figure 7-10, water percolating through a fine-textured horizon encounters a
coarser soil layer. One might expect that percolation would speed up because of the
larger pores of the coarse layer (greater hydraulic conductivity). The soil would become
more droughty. In fact, percolation slows down. As the figure shows, water does not
enter the coarser layer at first, but instead spreads out along the boundary, Why?

Effect of textural boundaries,
(Al Water infiltrates clayey sur- :
face soll. (B} Wetting front strikes oo g ; Y L
layer of sand and spreads out e S S
along boundary. (C) When the s
&) {C)

clay is saturated, water begins 1o
be released into the sand.
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Recall that water is being pulled down by capillarity as well as being pushed down
by gravity. The large, noncapillary-size pores of the coarse layer exert much less “pull”
on the advancing water than do the fine pores above the boundary, so the clay will
not “let go” of the water. Because water is more strongly attracted o clay than sand,
the front spreads rather than being pulled across the boundary, When the topsoil is
almost saturated, s potential is high enough that gravity can pull water downward
inte the sanc,

Commonly, the A horizon is coarser than the B, so a sharp boundary exists between
a coarser upper layer and a finer lower layer. As expected, the finer pores pull the water
down, However, because water naturally drains more slowly through fine soils with their
lower hydraulic conductivity, water will still build up above the fine-textured layer.

Any sharp boundary between two layers of dissimilar texture retards drainage. This
may be helpful because it can improve the water-holding capacity of a topsoil. In some
situmions, though, slowed drainage may keep the upper soil saturated long enough o
injure roots. We sometimes call this perching the water. Landscapers encounter, and
sometimes create, these interfaces between different textures, An example is topdress-
ing a yard with “black dirt” before laying sod, which may be more damaging than
helpful (see Chapter 175 The rule here is to mix the topdressing into the soil o avoid
the sharp boundary.

Golf greens may be designed o hold moisture by creating conditions similar to those
shown in Figure 7-108. A 12-inch layer of special root-zone mix is laid atop a 2-inch
layer of sand, over a 4-inch layer of pea gravel over drain tile. The design causes a
wet zone to develop above the sand, so turf roots are watered from below by capillary
action. If the root zone gets oo wet, excess moisture drains into the pea gravel and is
removed from the green,

All sorts of features that create discontinuities in the soil profile—sharp textural
boundaries, soil pans, and 50 on—can cause water t© hang up in the root zone rather
than percolate out of the root zone. These are important features of many natural
ecosystems, because they affect the natural wetness of soil, and thus, the plants that
grow there.

Preferential Flow

Besicdes saturated and unsatarated flow, water can move through the soil by
preferential flow. Under saturated soil conditions, as occurs during heavy rains, water
may encounter biopores or other soil channels and quickly enter the channel and flow
downward under the force of gravity deeper into the soil profile,

Water enters channels under two conditions. If the channel opens to the surface
where water is ponding, as in a heavy rain, water simply flows in. If the channel does
not open o the surface, matric forces prevent filling of the channel until the surround-
ing soil is saturated. Once pores are full of water, the matric potential goes 1o zero, and
water can be released into the channel. Because tillage reduces the number of chan-
nels and erases their entry at the surface, preferential flow will be most important in
witdisturbed soils and under reduced tillage cultivation.

Preferential flow can greatly increase infiltration and percolation, reducing runoff
and allowing deeper peneteation of water. It ean also mean decper penetration of pol-
lutants such as pesticides beeause the water bypasses the filtering action of the soil
matrix, This can increase the chance of groundwater contamination.
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Uptake of water by plant roots is also governed by soil-water potential. Each root
cell has its own water potential: an osmotic potential from chemicals dissolved in cell
water; a pressure potential like the pressure in a water balloon; and others. If water
potential inside a root is lower than the surrounding soil-water potential, then water
flows into the root across the cell membrane.

We could say that roots absorb water if:

Yo,

The larger the difference between soil- and plant-water potential, the more easily
and quickly roots will take up water because of a steeper gradient. The smaller the
difference, the less steep the gradient, and the more slowly water is taken up, At field
capacity, water films are at their thickest. Therefore, soil-moisture potential is high, and
water moves easily inte a root hair. A root hair pulls a bit of water from this thick film
(Figure 7-11}, so the film becomes thinner at that point and water potential decreases.
This causes capillary flow toward that point from nearby thicker areas of the water
film. Therefore, the root hair can continue to draw on the water around it umil the
water film becomes too thin. As water films around roots continue to thin, conductiv-
ity declines until water can no longer moves toward the reot adequately.

A plant can be compared (0 an unbroken column of water, beginning in the soil vol-
ume that supplies water to a root and ending in the air cuside the leaves, Normally,
the “driest” end of this column—the lowest water potential—is the air. The potential
of water vapor depends on relative humidity, and is always m relatively low poten-
tial unless the relative humidity approaches 100 percent. The “werttest” end—highest
potential—is the soil. There is, then, a moisture potential gradient with soil at the high
end and air at the low end, Water moves into roots, up the stems, into the leaves, and
out into the air, high to low potential.

Sail particls

Watar film

Emply pore space
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Another way to visualize the gradient is to picture the atmosphere as drier (less
humid) than air spaces in leaves, which are always of nearly 100 percent relative humi-
dity, Water transpires out of the leaf imto the drier air, making the leaf drier. That water
is replaced by water from the stem, which becomes drier, and so on down the stem
into the roots, Water in the roots is replaced from the soil,

As soil dries, it becomes less moist compared to the air; the potential gradient
becomes less steep so there is less pressure pulling water into the root. The remaining
soil water is more tightly held, so more pressure is needed o remove it. The remain-
ing water films become thinner as well, slowing capillary movement to the root. As the
soil dries, then, it becomes increasingly difficult for plants to extract water from the
soil. Eventually, the permanent wilting point is reached.

We could also say that as soil dries, soil-water potential approaches plant-water poten-
tial, the gradient becomes more shallow, and water flow slows. If the soil becomes dry
enough, the two potentials become equal (W, = %) and there is no driving force
for water absorption, This is the permanent wilting point.

It is important to understand the implications of this. Earlier we defined “available
water” as that water available to plants that lies between field capacity and the perma-
nent wilting point. But that water is not all equally available. As soil dries, and poten-
tial gradient and hydraulic conductivity both decline, plants struggle to absorb water
as fast as they need it. Water stress rises quickly as the soil dries much below field
capacity, with loss of growth, productivity, and health.

In saline soils, matric potential is joined by the osmotic potential. In this case, both
salt ions and particles hold soil water, As a result, even moist s0il can be at quite a low
potential, keeping water from entering roots. Thus, saline soils present special water
management problems, IF soil salts are concentrated enough—as could happen if one
applies too much fertilizer—soil-water potential could even move lower than plant-
water potential (W, < Y, and water would actually be deawn out of roots.

Pattern of Water Removal

Most plants get the bulk of their water from near the soil surface. Corn, a relatively
deep-rocted plant, gets 40 percent of its water from the top foot, 30 percent from the
next foot, and 20 percent from the 2-3 foot depth, when the soil is deep and there is
no restriction to rosting depth. The depth being exploited by the plant also varies over
time as the soil dries or is moistened by rain or irrigation.

As soil dries, capillary flow cannot readily supply all the water needs of a plant; it is
important that roots spread easily o exploit a greater soil volume and find more moist
s0il. Roots grow best where oxygen is plentiful, and proliferate in damp soil zones
where other zones are drier. This all means that where the sucface soil, rich in oxygen,
is damp, roots develop thickly there, and mainly draw on surface soil water to supply
their needs.

As the surface soil dries, roots grow more densely into the moister soil below, stimu-
lated by a shift of growth from top growth to root growth., The zone of main water
absorption shifts downward (Figure 7-12). If the surface layer is rewetted, moisture
absorption shifts back toward the surface,

The pattern of water absorption suggests how irrigation water should be applied. If
surface soil is kept moist enough, then the plant is well supplied by near-surface water,
top growth is favored over root growth, and plants will tend o have more shallow,
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Absorbing zone

sparse rool systems. The plant is unable o exploit lower soil levels quickly when the
surface dries, and is, therefore, vulnerable w drought. Proper irrigation wets most of
the rooting depth of the crop and allows for some drying between waterings.

Another aspect of root growth also emphasizes the need for constant root develop-
ment (Figure 7-13). Roots absorb water (and the nutrients dissolved in the water) most
actively just behind the root tip, especially in the zone occupied by root hairs. This
absorbing zone extends from about 10 mm behind the tip o about 100 mm farther
back. But as the zone matures, within a few days, root hairs die and cells become less
dabsorbing. At the same time, the root has elongated and the absorbent zone has been
replaced farther ahead. Conditions that impair continual replacement of older rool tis-
sue with new growth inhibit water and nutrient uptake.

IT s0il dries too much, root growth declines, and some roots may even die. One use
of irrigation can be to prevent this pruning of the root system. Interestingly, roots do
have some defense. IF some roots occupy soil more moist than another, perhaps moist
deeper soil as the surface drics, water moves in the reol system from the moist roots
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to dry roots. In a sense, the plant mines water in moist soil o support its other roots,
This pattern, of course, follows a water potential gradient in the root system itself,

MEASURING SOIL WATER

People whe design or use irrigation systems need o be able 1o measure the amount of
water in a soil. They also need terms to name the amount of water present. Four meth-
ods are common: gravimelric measurements, potentiometers, resistance blocks, and
other devices or procedures. At the base of all these are gravimetric measurements.

Gravimetric Measurements
Gravimetric methods directly measure soil water content by weight. This gravimetric
water content can then be converted o other useful quantities,

Weight Basis

To measure water content of a soil sample by weight, the sample is weighed and the
weight recorded. The sample is then oven-dried, and the dry weight noted. The differ-
ence between the two weights is the weight of water in the soil. Water content is the
amount of moisture divided by the oven-dry weight:

moist weight — dry weight
dry weight

water contant =

Suppose one needs 10 measure water content of a soil at field capacity. A sample is
taken two days after a heavy rain. IF the sample weight were 150 grams when wet and
127 grams when dry, the moisture content would be

150 grams — 127 grams

127 grams =4

water content =

The gravimetric water content can then be converted to percent water by weight sim-
ply by multiplying by 100, so

Percent water by weight = 0.18 % 100 = 18%

Volume Basis

It is often more useful to calculate water content on a volume basis, However, it is
impractical to measure a volume of water in the soil. This problem can be solved by mak-
ing 2 weight determination and converting it to velumetric water content using soil and
water densities (density being mass per volume). The equation for the conversion is

s0il bulk density

volumetric water content = gravimetric water content X ——————=
water density
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The density of water is 1.0 grams per cubic centimeter. In the previous example, if
the bulk density of the zoil sample were 1.5 grams per cubic centimeter, water content
by volume would be

. _ 1.5gmfcc
mlumm_c water content = 0.18 1.0 gmice 0.27

Thus, if one measures in the metric units of grams per cubic centimeter, the volumetric
water content is simply the gravimetric content times the bulk density of the soil.

Soil Depth Basis

A meteorologist measures rain in inches of water; irrigation is measured in inches as
well. Inches of water is a convenient, easily visualized unit that can also be used 10
measure the amount of water in a soil.

Let us say one could take 1 cubic foot of soil and squeeze all the water out of it into
a 1-5qu:re-ﬁ:at cake pan. How many inches of water would be in the pan? This can be
calculated simply by the equation:

inches water per foot soil = 12 inches x volumetric water content

In above sample, then:

inches water per foot = 12inches x 0,27 = 3,24

In the sample, each foot of soil depth contains 3.24 inches of woater. If a soil profile
were 3-feet deep, and each foot was the same, then the total of the entire profile would
be 9.72 inches of total water.,

Inches per foot is a common measurement uscd in irrigation, Irrigation also uses
the acre-inch, the volume of water that would cover 1 acre of soil l-inch deep, In the
metric system, the measurement equivalent 1o an inch per foot is a centimeter of water
per centimeter of soil.

In practice, it would be a bother o make gravimetric measurements 1o decide
whether or not a soil needs watering. Several devices may be used o measure soil
water for research purposes or for scheduling irrigation. Here we will discuss the two
most common and least expensive devices, the potentiometer and resistance block.

Potentiometers

From the plant’s point of view, the important thing is not how much water is in the
soil, but the potential it is held at. A device called 2 potentiometer, or tensiometer,
acts like an artificial root. It measures soil-moisture potential and so gives a "root’s eye
view" of how much water is available.

A potentiometer is a plastic tube with a vacuum gauge ar one end and a porous clay
cup at the other end (Figure 7=14) The tightly closed tube is filled with water, then
buried with the gauge sticking out. Dry soil outside the wbe pulls water out through
the clay cup, creating a partial vacuum inside the tube, The vacuum creates a force that
opposes the pull of matric forces in the soil, and water ceases leaving the be when
the two are equal. At any given moment, the gauge reading the vacuum is then also
reading the matric potential of s0il water. Potentiometers work best in moist soil at
potentials between 0 and — 0.8 bar—a narrow range but an important one to plants.
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Resistance Blocks

Another device for measuring soil moisture is the resistance block (Figure 7-15) or Bouy-
oucos block. Tweo electrodes are imbedded in a block of gypsum, fiberglass, or other
material. The gypsum block absorbs water from surrounding soil by capillarity through
its own pores. The wetter the surrounding soil, the more damp the block becomes.
Moisture dissolves some of the gypsum, which is slightly water soluble. The block now
contains a solution of water and dissolved gypsum, and this solution conducts elec-
tricity. (Pure water is a very poor conductor; it is ions dissolved in water that conduct
electricity.) The drier the block, the greater the resistance o electrical current.

Figura 7=1s

A potentiometer (bensiometer),
As dry sodl pulls water out af the
porous tip, a partial vacuum is
created inside the tube that i
measured by the gauge, The
WACULIM Préesiune measeres soil
Waler matric potential,
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Gypsum blocks are imbedded in the soil at the deprhs of interest, wirth wires leading
to the surface. The irrigator simply applies a current to the wires, and reads the resis-
rance on a device for measuring resistance, Blocks can be buried in several locations,
and the device carried from block o block. Blocks do need 1o be replaced periodically
as the gypsum dissolves.

Both gypsum blocks and tensiometers are permanently installed in a location for
the growing season; one cannot si.mpiy poke them in the ground o get a reading at
a moment'’s notice. 5oil probes that measure electrical resistance of the soil solution
itself answer the need for instant readings in any location, such as a landscape. Here
a rod with two electrodes is pushed into the soil, and resistance is read on a dial.
The readings of such probes reflect both moeisture and salt content, so are not fully
reliable measures of soil moisture. However, the hetter quality probes have been shown
10 be accurate enough for many purposes.

A number of other, more expensive devices are also available for measuring soil
maoisture, such as neutron probes and time domain refllectometers (TDRS), and others.
These more sophisticated devices are used much less commonly in commercial agri-
culture than tensiometers and gypsum blocks, so will not be detailed here, Inicrested
students can search the Internet for maore information.

SUMMARY

Soil-water potential dictates behavior of water in the
soil. Total soil-water potential has three major compo-
nents: the matric potential resulting from attraction of
water to soil particles and 1o itsell, gravitational poten-
tial, and osmotic potential derived from the amount of
dissolved soil salts.

Based on their differing potentials, three types of soil
water can be defined. Gravitational water drains away
under the force of gravity. Capillary water is loosely
held by cohesion and is mostly available 1o plants,
Hygroscopic water is too tightly held by adhesion to be
used by plants.

When all soil pores are occupied by water, soil is
saturated. Most plants do not live well in saturated soils
because of low soil oxygen. At field capacity, the last
bit of excess water has drained away, and pores are oc-
cupied by air and water. Most plants grow best at field
capacity. As soil dries further, plants must work harder
o absorb moisture, o water siress increases until the
permanent wilting peint is reached. When the last water
that can be removed by plants or evaporation is gone,
the hygroscopic coefficient is reached.

Water moves through soil by both gravity and capil-
larity. Both forces contribute to downward movement,
but enly capillarity carries water upward or laterally.
Water moves from locations in the soil of higher poten-

tial to locations of lower potential. Downwand move-
ment 15 most rapid in coarse soils, while lateral move-
ment is most extensive in fine soils,

Water penetrates soil along a wenting front. Below
the advancing front, scil remains dry. Whenever a wet-
ting front meets a sharp boundary between soil layers
of different texture, percolation slows, This may either
improve the water-holding capacity of a sail or cause
drainage problems.

Fine-textured soils have the highest water-holding
capacity but medium-textured soils retain the greatest
available water.

Water is absorbed into plants because of root pres-
sure and because transpiration causes low potential
inside the plant. As the root draws from a water film,
maore water moves toward the root by unsaturated flow.
Because such flow is slow, the extension of roots into
maoist soil is critical. The water is used by plants in pho-
tosynihesis, o transport materials within the plant, and
to maintain plant tissue turgidity.

Soil moisture can be measured exactly by weighing
the moisture in a soil sample. In practical applications,
devices such as tensiometers and resistance blocks
provide adequate information (o make such decisions as
the need for irrigation,
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OF the three water potentials that make up total
sail-water potential, which one would be most
affected by compaction? Explain your reasoning.

Which sadl texture would have to be watered more
often, coarse or fine? Which would need more
water each time? Explain your answers.

A 112-gram sample of soil, after drying in an oven,
weighs 100 grams. Assume a s0il bulk density of
1.4 grams per cubic centimeter. Caleulate water
content by weight, by volume, and inches of water
per foot,

The soil moisture of a soil was measured at

several intervals after 2 heavy rain. Immediately
after the rain, while still saturated, a sample
weighed 132 grams. Two days later, just after
drainage stopped, the sample weighed 116 grams.
When plants wilted in the soil, the soil weighed 108
grams. Finally, the sample was oven-dried,

for a weight of 100 grams, Assuming a bulk den-
sity of 1.4 grams per cubic centimeter, calculate the
inches of available water per foot for this soil at
field capacity.

In which soil is water most available o plants, one
with a soil-water potential of —0.5 or —1.5 bars?
What would happen to water potential of either soil
if fertilizer was mixed into i? What effect would
that have on the plant?

Let us say that at point A in the soil, matric poten-
tial is —0.2 bars and in nearby point B, matric
potential is —0.4 bars. If all other components of
water potential are the same, in which direction
will water flow?

ENRICHMENT ACTIVITIES |

1.

10,

i1,

12.

Soil Water

How much water should be taken up by a plant
when the air around it is completely saturated with
water—100 percent humidity. Explain.

. Some indoor foliage plants are potted in self-water-

ing pots that water the soil mass from a reservoir
of water in the bottom of the pot. How does this
work? Might there be a problem if the soil was
allowed to dey excessively before the reservoir
was refilled?

. Distinguish temporary wilting point from perma-

nent wilting point. Which one is a trait of the
soil only? Could a plant be taking up water and
seill weile?

Describe some ways you might improve the avail-
able water-holding capacity of sandy soils. Explain
YOUD ANSWer.

Do you think the air-dry point of a soil is constant,
or does it very according to the humidity of the air
above the soil? Explain your answer.

A case study: Ecologists have found that plants such
as maple trees engage in “self-watering” when sur-
face soils begin to dry. To explain: leaf stomata close
at night, breaking the continuous column between
soil water and atmospheric air described in this
chapter. Little water is then lost through the leaves.
Often, as surface layers of soil dry, deeper soil may
still be moist. They have found that at night, deep
roots absorb water, which rises 1o the shallow roots,
where it is released into the seil. Ecologists call this
hydraulic lift. Explain how this could happen in
terms of water potentials. How might this be benefi-
cial to the maple tree or other plants in the vicinity?

Test the effects of cohesion and adhesion using two glass microscope slides. Hold the two slides flat against
each other, then pull (not slide) them apart. Now put a drop of water between them, and repeat. Feel

the difference.

Grow several tomato plants in pots until each has several leaves. Then divide the plants into three groups, water-
ing each differently. Water one group s0 often that the soil stays wet. Water the second group when the soil
surface dries, Water the third group only when the plants wilt, Observe the differences in growth.

A fellow Delmar author, Mark Coyne, suggests this exercise in his book on soil microbiology. It uses potato
sticks to demonstrate osmotic potential and water absorption. Cut a potato into identical thin, long sticks,
Place some into distilled water, others into a strong solution of table salt, and wrap some in cellophane and
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refrigerate; this last one is the control. After a couple of hours compare the length of the sticks, Those soaked
in distilled water should be longest, those in a salt solution shortest, Can you explain the resulis in terms of
osmotic potential of potato cells (Caused by chemicals dissolved in the cell warer) versus the solution they were
soaking in? What would this say about water uptake in soils that arc high in salis?

A nifry hydraulic properties calculator based on the soil texture triangle is at the following site: <hetpe//
hydrolab.arsusda.gov/soilwater/Tndex. htm>. This site requires registration and downloading, so perhaps should
b installed in a classroom or lab computer. Use this triangle to compare the available water-holding capac-

ity and hvdraulic conductivities of a sand with 90 percent sind and 10 percent clay, a silt loam with 20 percent
sand and 20 percent clay. and a clay with 45 percent sand and 55 percent clay.

Practice the operation of a gypsum block or a tensiometer. Following the directions, set one up in the ground or
in a potted plant. Observe readings as the soil dries, then rewet the soil and observe readings again.



2y

IVES

Aftar completing this chapter, you should be able to:

« explain the sources of our fresh water supplies
« explain the need for water conservation

« describe ways to make better use of water

« discuss water guality

Car world contains a lot of water, the vast majority residing in the oceans.
We need freshwater to drink, cook, wash dishes, or irrigate; that is much
more limiting. Freshwater resources of the world vary dramatically from
place 1o place. Brazil enjoys an annual renewable fresh water supply af
8200 cubic kilometers! Assuming the author did not misplace a decimal
point, this works out to about 9,700 millioa liters (a liter is about a quart)
for every square kilometer (a bit less than a half square miled of land sur-
face, or 4,500 million liters per person. The much drier Morth African
country of Morocco commands only 29 cubic kilometers of fresh water per
year, about 65 million liters per square kilometer and less than a million
liters per person

And the United States and Canada? Both the United States and Canada
can access a bit over 3,000 cubic kilometers, or about 335 million liters per
square kilometer. This is about 10 million liters per person for the United
States, while Canada’s much smaller population enjoys 100 million liters
Per person.

These numbers sound like enormous quantities of water, but they are
not, We share that water with industrial users, and yes, with nawre. This
chapter will discuss water resources, mainly of the United States, and why
and how they ean be conserved in ageicultural settings.

"Data cabonlated from the Pacific Inatitute’s report The Wordds Waler 2000=-2007, and from
I'he Ecoqwsiiist, Pockel World in Figures, 2007 Erditian,
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turning saline ocean water Into
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THE HYDROLOGIC CYCLE

Of the nine plancts occupying our solar system, only Earth is known to contain large
amaounts of liquid water. Most of this water—o7 percent—occupies the oceans.

The hydrologie cyele (Figure §-1) is an engine, fueled by the sun's energy, that trans-
parts water from the ocean to land and back again. Alr moistenec by evaporation
from the surface of the ocean pasics over continents, where it is shifted upward by
warm air rising from the land mass. When moist air has risen high enough, water
vapor condenses into precipitation (rain, snow, and hajl), Some rainwater runs into
streams and lakes. Most of this water finds its way into rivers that finally flow into
the ocean. Other water is absorbed into soil o later evaporate or be wsed by plants.
Finally, some rainwater percolates into the water table, which is the upper surface of
satwrated underground material. Most of this, too, eventually returns 1o the sea.

It is worth pointing out that climate change is rapidly accelerating this warer cycle,
Higher temperatures means more energy, with more energy, more water can be trans-
ported more quickly through the cycle, It also means an increase in amplitude in
precipitation variation; that is, more extremes between wet and dry cyeles and more
extreme events like 100 year rainstorms or severe prolonged drouglu.

Let us look more carcfully at that point in the cycle when precipitation lands on the
soil. Water proceeds in the cycle by one of four paths:

* Rainfall or snowmel that cannot be absorbed ino s0il fust enough runs
into low areas, streams, or lakes. This water is called runoff,
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= Gravitational water percolates below the root zone of plants, Some may
enter the water table.

* Some of the remaining water stored in the soil evaporates from the sur-
face back inte the atmosphere,

+ Most water taken up from soil by plants is transpired into the atmo-
sphere. The total water loss due to transpication and evaporation is
called evapotranspiration.

WATER RESOURCES IN THE
UNITED STATES =

Figure 8-2 shows where the United States’ water resources are in reference to the
hydrologic cycle. The reservoirs of water we draw on include water vapor in the atmo-
sphere, surface water, and groundwater. Note that enormous amounts of water vapor
float over the Unitecd States daily. Until we find practical ways to tap this supply with-
out disturbing weather patterns elsewhere, we rely on natural precipitation to satisfy
our water needs.

An averapge of 30 inches of precipitation falls each year over the continental United
States, but the supply of water is unequally distributed. Average annual precipitation
ranges from 9 inches in Mevada to 55 inches in Lowisiana. Eastern states and the Pacific
Morthwest coastal areas tend o have higher rainfall while most western states have a
maore arid climate and have to depend on irrigation to grow many crops.

More important than simple annual precipitation is the balance of precipitation and
cvapotranspiration. In the eastern half of the country and parts of the West Coast, more
rain falls than is lost to evapotranspiration. In these humid climates water does not usu-
ally limit crop production, except on excessively well-drained soil or during occasional
periods of dryness. In a semiarid climate, evapotranspiration slightly exceeds precipi-
tation and moisture limits production. Special dryland farming systems (Figure 8-3)
or irrigation overcomes the problem.

In arid climates, where evapotranspiration greatly exceeds precipitation, crop growth
depends on irrigation. Despite the importance of irrigation nationally, natural rainfall
remains the most important source of water. Seventy-five percent of our food and fiber
is grown in “rain-fed” fields.
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Water supply sources in the
United States. We depend on
fresh surface watet and ground-
waler Lo meet our water necds,

(Unired Srares Geological Survey.
Circwlor 1268, Estimated Water Use

i the United Stotes in 2000)

Climate change models predict significant changes in precipitation panerns that will
influence agriculiure. Rainfall in eastern states may increase; in fact, has been mount-
ing over the past decade or so. Rainfall in western states may decline, making a semi-
arid and arid zone even drier. Furthermore, il temperatures rise in western states,
evapotranspiration rates will follow, as will the length of the growing season during
which evapotranspiration occurs. The total effect will be 1o increase the moisture defi-
cit in these states.

The remaining three sources of water, as shown in Figure 8-4, comprise stored
waler society draws on: saline ocean witer, fresh surface water, and groundwater. As
Figure 8—4 shows, saline ocean water supplies only a small percentage of the water
used annually, and is very expensive both in cost and energy. Fresh surface water and
groundwater are critical sources for irrigation and nonagricultural uses,

Surface water occupics lakes, rivers, and ponds and covers approximately 60 million
acres of American land. The water is distributed unequally; most surface water is in
the Great Lakes and a few other states, especially Alaska, Texas, Minnesota, Florida,
and North Carolina. In many western states, surface water for irrigation and other uses
depends on rivers fed by snowmelt in mountains; there the annual mountain spow-
pack is @ matter of great concern, especially in this changing climarne.

Groundwater is stored in underground formations called aguifers. There is far more
groundwater than surface water, Experts estimate that some 8,000 trillion to 10,000 tril-
lion gallons of water are contained in mainland United States aguifers. However, this
wiater renews very slowly, averaging about 3 inches per year (Figure 8-2). According
1o the United States Department of Agricaliure (USDA), about 25 percent of the nation’s
groundwater supplies are being “mined,” withdrawn more rapidly than renewed. This
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oceurs mastly in the Southern Plains and the Southwest, where the water loss per day
{in an average year) is 15 billion gallons of groundwater.

Reasons for Conservation
Agriculture consumes almost 70 percent of the water used annually in this country (Fig-
ure B=5), mostly for irrigation. With expanding competition for water with growing ur-
ban populations and calls for increased streamflows to maintain natural habitats, the
percentage of water dedicated to agriculture is likely to decline. Schemes to persuade
growers o sell irrigation water to expanding municipalities have already begun o be
implemented in western states, Even waorldwide, water use is reaching some limit, Be-
tween 1940 and 1990, worldwide withdrawal of fresh water for human use quadrupled,
mastly going to irrigation, This rapid expansion of irrigation was one of the factors re-
sponsible for a significant reduction in hunger is some parts of the world. Unfortunately,
the supply of fresh water is limited by dynamics of the water cycle.

The nation and its growers benefit from agricultural conservation efforts in three
wiys: preservation of water resources, increased crop yields, and fewer water-quality
problems from runoff.

Worldwide Water Shortage Looms

With growing demand and limited supplies, freshwater shortages are a growing
problem worldwide: “Already four out of ten people on the globe live in river basins
experiencing water scarcity, By 2025, it is estimated that 3.5 hillion pEBplE—HeEI’I:,'
half the warld's pepulation—will face shortages.”

Source; Cr.m.] Cox, Executive Director, 5oil and Water Conservation Society, testimony 1o Senate
Committee on Agrculiure, 2007

Preservation of Water Resources

It takes 40 gallons of water 1o produce 1 egg, 150 gallons for 1 loaf of bread, and 2,500
gallons for 1 pound of beef, If forecasts are correct, growers will increasingly compete
with other users for the nation’s water to produce such agricultural products.

As the largest user, agriculture has a special responsibility 1o conserve, both for
national well-being and in its own self-interest.

Increased Yields

Water conservation methods result in improved soil moisture and better yields., Semi-
arid areas respond especially well to conservation efforts. For example, about 4 inches
of water is necded to mature a wheat crop. Reports from USDA research indicate that
cach additional inch of available moisture stored in the soil can raise production from
2.5 1o 6 bushels per acre.

Reduced Runoff
Some of the strategies for conserving water involve reducing runoff from farm fields.

Public supply
21%

Manulaciuring
and mining :
1% Agriculture
66%
Figure 8-5

Agriculture; as inmuch of the
world, is the largest consumer

of water in the United States.
[United Srates Geological Survey.
Circular 1268, Estimated Water Use
in the Uinired States in J000)
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Methods for reducing runoff do more than improve soil meisture. They have other
beneficial effects, sueh as:

= reduced erosion and topsoil loss
= reduced downstream flooding because less water runs intlo rivers

= reduced water pollution from soil particles, fertilizers, pesticides, and
human pathogens carried off farm fields by runoff

Water-Use Efficiency

Warer-use efficiency is a good place to begin a discussion of water conservation. Of the
water that lands on a field, little actwally becomes part of the dry matter of crop plants.
Most is lost 1o runoff, percolation, or evapotranspiration. The ol amount of water
needed 1o produce a unit of dry plam matter, such as a bushel of oats or a nursery tree,
is one measure of water-use efficiency.

There are three primary means of improving water-use efficiency. One is 1o capiure
more of the water from precipitation in the root zone of crop planis. This means im-
proving the infiltration rate and reducing percolation. Having captured more water, the
second step is to reduce consumptive use. Consumptive use is the sum of the water
lost by evapotranspiration and the amount contained in plant tissues. About 1 percent
to 10 percent of total consumptive use actually becomes part of the plant; 90 percent
o 99 percent of the total is evapotranspiration. The third way o improve water-use
efficiency is by improving irrigation systems (Chapter @),

CAPTURING WATER IN SOIL

To capture into a crop’s root zone more of the water landing on a field, a grower can
improve infiltration and/or reduce deep percolation. OF the two options, improving
infiltration is easier. Infiltration rates are, of course, a function of soil texture, struc-
ture, organic matter content, degree of compaction, or presence of barriers such as
hardpans and plowpans. Slope also increases runoff and decreases infiltration,

Structure of the entire soil profile i important, but structure at the soil surface is
most critical to infiltration. As noted earlier, the soil surface is sealed by the shattering
of surface aggregates by raindrops or puddling. As a result, a crust may be formed that
significamly reduces infiltration.

The list of factors influencing infiltration suggests two problems that lower the
amount of infiltration. One problem is low water-intake rates and the other is runoff
due 1o slope, Let us look at methods for dealing with slope first.

Capturing Runoff

Terraces have long been used o caplure runofl water, Terraces consist of g series of
low ridges and shallow channels running across the slope, or on the contour, as shown
in Figure 8=0, When water begins running down the slope, it runs inte the terrces,
where it gathers while it seeps in,

All terraces are built 1o control runoff, However, in humid areas, the main concern
is to control erosion. In drier arcas, the primary purpose of terracing is o increase
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ridge

Channel

maisture in the soil. To save moisture, terraces are desipned (o cause ponding of water
on the terrace, giving water time to infiltrate. Figure 8-6 shows the cross section of a
fat-channel terrace built for this purpose.

Container nurseries and golf courses often alter their topography to capture rainfall
and excess irrigation water and direct it into holding ponds for reuse, While a major
reason for such a design is to retain pollutants such as pesticides and fertilizers on-site,
it also congerves water,

Furrow-diking is another means to capture water in drier areas of the country. To
furrow-dike, special equipment creates furrows with small ridges, or dikes, across
them. This creates basins that capture and hold water. Somewhat similar is soil pitting,
@ practice that creates tiny pits on rangeland o capture water.

Contour tillage is practiced by operating all equipment across the slope of the field,
on the contour. This practice makes many tiny ridges across the slope. Water ponds
behind these ridges, giving it time to infiltrate the soil. In contrast, tilling up and down
hills creates actual channels for water flow, contributing to runoff and erosion.

Strip-cropping slows runcff water by alternating bands of different crops across the
slope. One band may be a row crop that leaves most of the soil bare, such as corn or
soybeans. The next band would be a close-growing crop {(small grains), or a crop that
completely covers the soil, such as hay. The close-growing strips slow water, keeping it
from achieving the speed it would on a continuous slope of corn,

Improving Water Intake Rate

A second way to decrease runoff is to improve the rate at which soil absorbs moisture.
The soil's physical properties of rexture, structure, and permeability set the infilteation
rate. Chapter 4 lists ways to improve soil permeability and structure in the section on
tilth, Because compacted soil tends to shed water, growers should be particularly care-
ful to avoid severe compaction. The following practices also help soil absorb moisture.

Subsoiling, or deep plowing, shatters plowpans resulting from years of tillage, let-
ting water seep deeper into the soil. At the same time, it allows roots access to deeper
soil levels. Power requirements for subsoiling equipment make this method expensive,
especially if it must be repeated later.

Aeration is a term applicd by tucf managers o the process of punching or coring
holes every few inches in worfgrass o break through surface compaction. Improving
infiltration is one of several benefits (Chapter 16).

Cn;'ss-s.utinn of Nat-channel
terrace designed for water con-
servation. (Courfesy of USDA)
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Mulch, such as a layer of straw or woodchips on the soil, strikingly improves infiltra-
tion by eliminating crusting. Mulch protects the soil surface from the impact of rain-
drops, Studies show that mulched soil absorbs water two 1o four times better than bare
soil. Gardeners or growers of high-value crops may mulch with straw, leaves, or grass
clippings. Landscapers use gravel, woodchips, shredded barks, or other materials.

Conservation tillage, a fairly new method of working soil, preserves both soil and
water. Conservation tillage does not bury crop residue; rather, it leaves much of it on
the soil surface as a mulch (Figure 6-5). Figure 8-7 shows how leaving crop residues
on the sail surface improved the infiltration rate in one soil. Conservation tillage may
also improve a soil's physical condition.

Capturing Snowfall

In northern areas, capluring winter snowfall is an important way to retain naiural
precipitation. The key is to keep snow from blowing away from fields. Some growers
leave strips of a tall crop standing at right angles to the prevailing winter wingd, These
buffer strips, which act as snow fences, should be about 50 feet apart. In a MNorth
Dakota study, 5-feet-tall wheatgrass planted in-double rows 48 feet apart raised wheat
yield from about 16 to 23 bushels per acre. Some strawberry growers in cold climanes
plant such sirips berween strawberry rows to capture snow for cold protection.

Crop stubble left standing over winter also captures some snow. Because the stubble
also lowers runoff, more of the snowmelt water is then able to soak into the ground.
This practice is called stubble-mulching.

Reducing Percolation

Water drains very quickly through coarse soils, causing high percolation losses, which
are difficult to reduce. The most practical way to reduce percolation losses is to improve
the water-holding capacity by maintaining the organic matter level. Because topsoil is
usually the most moisture-retentive soil layer, reducing erosion is also important. In
fact, the USDA estimates that the loss of moisture-holding capacity due to excess ero-
sion costs American growers §2 billion annually.

The water-holding capacity of soil, especially of sandy soil, may also be improved by
incorporating crystals of hydrophilic gel polymers. These new materials absorb many
times their weight in water, swelling dramatically. Because these gels release water at
low potential, moisture is retained until the soil dries enough for plants to need access

Crop Residue Runoff
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to the water. Gels have been most often used in greenhouses to increase watér retention
in poted plants, but they have also been used in sand-based sports turf and to improve
survival in transplanted tree seedlings. However, when they are buried, pressure from
surrcunding soil inhibits their swelling, and thus their ability to take up water. High soil
salt levels also reduce their effectiveness, so gels may not help in all situations.

REDUCING CONSUMPTIVE USE

Consumptive use is the total water “used” to produce a crop—including evaporation,
transpiration, and water that becomes part of the plant. Consumptive use varies dra-
mutically from place 1o place and crop to crop. It depends on several factors:

= Warm air temperature increases transpiration from leaves and evapora-
tion from the soil.

* Relative humidity also affects evapotranspiration. Dry air increases
water losses,

* Wind increases water losses. Normally, a film of humid air surrounds
leaves and covers the soil surface. Wind strips away that film of humid air.

Reducing Evaporation

The factors that affect evapotranspiration are largely beyond the grower's control. How-
ever, there are some methods that can help reduce evaporation. Growers can lower
evaporation from soil by covering the soil surface with either vegetation or mulch,
shading the soil, and reducing wind velocity at the soil surface. To shade the ground
with crops means to grow them so the crop canopy quickly covers the soil.

Mulches have the additional benefit of acting as a barrier to molsture movement.
Loose, organic mulches such as straw form only a partial barrier, and reduce but do
not eliminate evaporation. Many growers of high-value crops, such as berries, nursery
stock, or vegetables, mulch not only to preserve moisture but also for weed control
and other purposes (see Chapter 0} For other growers, conservation tillage leaves crop
residues as a mulch on the soil surface.

Reducing the number of tillage operations helps control evaporative losses. Each
time the soil is worked, moist soil is dragged to the surface where it can dry out. Con-
servation tillage, use of herbicides for weed control, and combining tillage operations
are ways to reduce tillage.

Reducing Transpiration

It is difficult to control transpiration in plants. Three weather conditions cause high
transpiration: high temperature, low humidity, and wind. Frequent light sprinkling of
plants with water improves conditions by wetting the leaves and raising humidity. This
practice is called “crop cooling.” Golf course and turf managers may lightly sprinkie
turf to reduce heat stress during temperature extremes, a practice they call syringing.
Howewver, this method can hardly be called a moisture conservation measure because
it uses moisture,

Transpiration may be reduced directly by coating leaves with a material that recduces
water loss through stomata and leaf surfaces. These antitranspirants may be used on
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golf greens, to reduce transplant stress to landscape plants during planting, and in
other special situations, However, while reducing waer loss through stomata, anti-
transpirants also reduce movement of carbon dioxide into the leafl, inhibiting photo-
syvnthesis. It seems unlikely that antitranspirants would be useful in reducing water
loss when active photosynthesis and growth are desired.

Another method of reducing transpiration is to plant windbreaks to cat the wind
(Figure 8-8). Orchardisis often plant tree windbreaks, A few growers protect L=
groming crops by plinting rows of taller plants across the field. For example, a truck
farmer may plant a few rows of sweet corn every 50 feet at right angles to the prevail-
ing summer wind, Between these rows are planted cucumbers or another low-growing
crop. The tall sweet corm rows create areas of less wind and so protect the cucumbers
from the effects of wind.

Weeds also transpire moisture, so weed control is a basic moisture control measure.
Weed control is a central part of summer fallow, a grain-farming technigque in semiarid
areas of the Great Plains. This will be covered in detail in Chapter 16, but it involves
leaving the soil bare every other year to store moisture for the following scason.
Weeds are controlled by cultivation or chemicals so they do not pull moisture out of
the soil.

Improving Plant-Use Efficiency

This chapter has focused on how 1o increase the amount of water available for plants
in the soil. Another way 1o conserve moisture is 1w help plants make better use of soil
water. This allows greater production with the same amount of water.

The efficiency of plant water use can be measured by the transpiration ratio, This
ratio is the amount of water transpired divided by the amount of dry matter produced.
The ratio is affected by climate, the specific plant, and the scil conditions. Figure
8-9 lists sample transpiration ratios, The higher the ratio, the greater is the amouant
of water needed 1o produce a pound of dry matter. There is great variation between
plants. For example, alfalfa needs three times as much water o produce a pound of
material as sorghum.

How can growers improve transpiration efficiency? Windbreaks and crop cooling
can help by lowering transpiration. One important method suitable for all growers is
10 improve the rooting zone of plants, Compaction and plowpans limit the soil volume
that a plant can exploit, leading to an increase in the transpiration ratio. Therefore,
practices listed in Chapter 4 for improving structure and controfling compaction are
important technigues.

Good soil fertility also improves water use by plants, Adequate levels of nitrogen and
phosphorus increase the size and depth of root systems and lower the transpiration ratio.
For example, work in Texas showed that unfertilized (nitrogen) sorghum produced a
190:pound yield per inch of water used, while sorghum fertilized with 240 pounds per
acre of nitrogen produced a 348-pound vield per inch of water used,

Some plants are well adapted for growing under drey conditions, and the use of such
planis cin improve water use, Selecting crops in dry areas with a low transpiration
ratio, such as sorghum, reduces the need for irrigation. New crops can be an answer,
but breeders also scarch for more drovghttolerant varieties of established crops.
Breeders now can also use modern genetic technigues to engineer low-water using and
droughi-resistant crop varietics.



Transpiral Transpiration
Ratio Ratio
Alfalfa 858 Lambsquarter G658
Field pea 74T Russian thistle EAC]
Dats 635 Pligweed 300
Fotato 575 Purslane 281
Cotton 562
Wheat 505
Camn 372
Millet 2a7
Sorghum 27

Urban dwellers can replace humid climate grasses, shrubs, trees, and flowers with
dryland-adapted species. This technique, xeriscaping, is prowing rapidly in cities of the
Amernican Southwest where |;j|:1{|._-\|::;|]:||:: i fig:uinn SICAINS WAlSr Tes0lNces I:Cl'u:iph,'r IT}.
SOme communities requine Xeriscaping in new construction.

USING RECLAIMED WATER

A final approach to conserving water is o apply water that had been used for some
other purpose. This reclaimed water might be effluent of a sewage-treatment plant, or
grey aarer, water used in the home Kitchen or 1:|1|:1:lr1.'. Use of such water has been

::E.'_E' ire B-8

These windbreaks in Inciana,

by reducing wind velocity ower
the field, reduce evapotranspira-
tan water lasses. (Courresy of
LISDA, Natural Resources
Conservaiion Servicel

Figure §-92

Transpiration ratios for several
crops and weeds at Akron, Colo-
rado, The ratios are the average
ower a five-year period



investignted, and i= finding increasing application in many locations, such as golf
courses or even fruit groves, Some reclaimed waters contin contaminants that require
special care, including higher salt levels, detergents, disease organisms, or heavy
metals, Such water needs 1o be filtered and purified by various procedures. Even so,
much reclaimed water can be applied successfully to a variety of horticultural and agri-
culiural situations.

WATER QUALITY

Water quality is as important as water quantity. Like conserving water, agriculture hasa
special role in the preservation of our nation's water supplies, Fish Kills in trout streams
of the author’s home state, caused by runcff from insecticide-treated corn fiekds, are an
example. So are the widely publicized problems with waterfowl in the Kesierton Res-
ervoir outside Fresno, California. There, selenium-laden drainage water from irrigated
fields found its way into the reservoir, causing death and deformity in warerfowl.

Agricultural sources of water pollution are difficult to pin down, compared 1o a pipe
coming out of a factory or sewage plant. Such point sources of pollution are relatively
easy 1o identify, and the nation has made good progress in bringing industrial and
urban point sources under control. Most agriculture is a nonpeint source, such as farm
fields, An exception is large manure storage facilities and feedlots, which can be identi-
fied and are considered point sources. A number of studies have indicared that agricul-
ture now accounts for the bulk of water-quality problems acroess the nation.

T o T N T ]
Agriculture and Water Quality

“Agriculoure is the largest source of impairment in rivers and streams, affecting
nearly half of stream and river miles with water quality problems.”.. .“Agriculture
is the source of more than 40% of impaired lakes, including nutrients, siltation,
and pesticides.”

Source: Cralg Cox, Executive Director, Sofl and Water Conservation Society, Testimony 1o Senate
Committes on Agricultune, 2007,

Current agricultural issues include seepage of nutrients such as nitrates (Figure 8-100
and pesticides into groundwater, and pollution of surface waters. Contaminants of
the latter include soil particles, pesticides and fertilizers, organic debris, and discase-
causing organisms. Manure applications can discharge nutricnts inte both ground and
surface water, and can be a source of human pathogens. Some of these problems are
discussed in Chapter 15, after fertilizers have been presented,

It has been assumed that the soil matrix filters chemicals from percolating water.
Too often, the assumption has turned ot w0 be Galse: preferential flow can bypass the
soil matrix and move pollutants deeper into the soil quickly, Another case is that of
very coarse soils with a high water table, especially if irrigated. Examples are wells of
such areas as central Wisconsin and Long Island, New York, that have been contamis
nated by the woxic pesticide aldicarh vsed on potatoes. It has even been found that
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contuminants can move in the soil atached to clay particles :ritl!l_'rini." lllruugh the soil
with moving water.

Parts of the United States with limestone bedrock may exhibit Karst topography, or
land in which solution of limestone bedrock by warer creates caves, sinkholes, and
other channels from the surface. Agricultural chemicals traveling in runoff can flow
directly into aguifers through these channels.

Climate change is likely o compound water-quality problems in some parts of the
world, Climate change models predict a greater frequency of high-intensity rainfalls,
leading 1o greater runodf into streams and rivers.

Ways 1o avoid water pollution are largely covered in various sections of this text
Here i a brief sumumary:
= redduce runoff thar can carry contaminants (earlier in this chapter)
* reduce erosion that can carry contaminated soil (Chapter 18)
= reduce fertilizer losses in percolating water (Chapier 15)

= reduce pesticides use, especially soil-applied, by crop rotation and other
strategies. Much progress is being made by Integrated Pest Management
(IPM), the carefully planned use of many pest-control methods such as
biological or cultural ones.

= apply and store manures properdy (Chapter 15)

* retain and restore wetlands that can filter pollutants from
runafl (Chapter 93

Filaure
Measuring nitrates in runolf
using a monktaring well along
a river in the Pacific Northwest.
{Courtesy of USDA)
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Buffers in California reduce load
of pollutants in runalf entering

& stream (running through upper
feft of photo) from the nearby
artichoke fiald, [Courresy of
LSDE, Nafurol Resourrces
Comenation Service)

* practice drainage management in artificially drained fields (Chapter 9

= install conservation buffers along streams and other bodies of water, as
in Figure 8-11 to slow and filter runoff (Chapter 18)

* in urban arcas, retain water in the landscape rather than speed its pas-
sage into storm sewers {(Chapter 199

SUMMARY

Water conservation is important because usable fresh
water is not an unlimited resource. Our major water
supplies are rainfall, fresh surface water, and groundwa-
ter. In many areas of the nation, rainfall is inadequate
and stored water is being depleted. As the major user

of water, agriculture has an obligation 1o make more
efficient use of water and 1o conserve wiler supplies.

Each Brower has an interest in CONSErving waler as
well. Making the best use of water increases yields and
controls erosion, Many techniques for improving water-
use efficiency have been outlined in this chapier.

One technigue is o capture more of the water
that lands on a field. This can be done by terracing,
contour tillage, or furrow-diking, Improving the
soil-infiltration rate by means of preserving soil struc-
ture, mulches, conservation tillage, and subsoiling

also helps. Tn some areas, it is helpful to trap snow in
the fields.

Consumptive use can be reduced by lowering the
amount of evapotranspiration. Methods include
reduced ullage, windbreaks, and weed control. A large,
healthy root system, possible in soils of good physical
condition and adequate fertility, helps the plant to use
more of the soil moisture and reduces the transpiration
ratin. The use of dryland-adapted plants in agriculture
and fandscape can greatly reduce water use, Reclaimed
witer may also be available in some locations for
SOME USCS,

Growers and other soil users need to pay attention (o
their contributions o polluted water. Fertilizers, pesti-
cides, eroded soil, and organic debris can harm envi-
ronment and health,
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Describe what paths water can follow after it falls 5=
to earth in precipitation.

Distinguish point and nonpoint sources of water
pollution. What might be pollutants contributed by &
agriculiure? Is agriculture usually a point or

nonpoint source?

How does improving the infiltration rate improve
waler use? What are some methods for doing so?

Plant available water can be lost [rom the soil
in ways that do not improve crop productivity.
Describe these ways and how they might

be reduced.

ENRICHMENT ACTIVITIES

Observe the effect of mulching by filling two deep jars with soil to within 3 inches of the top. Carcfully moisten

the soil in cach jar with the

__Water Conservation

What benefits for growers, society, and the environ-
ment result from retaining more water on fields and
reducing runoff?

Using information from Chapter 7, explain why we
cannot use the vast amount of seawater directly for
IFFIEALION pUrpoOses,

Ge the LLS. Geological Survey (USGS) Web site

on witer use in the United States at <biepeomater.
usgs goviwatuse> Call up the maps on water use
by state, and analyze your state’s use of water for
irrigation and other purposes. How does it compare
with other states? Where does most of your water
come from?

same amount of water. Mulch the top of one jar, leave the other bare, and compare

the drying. Weighing each jar before and after a period of drying may also provide interesting results.,

The Environmental Protection Agency has a fact sheet on managing agricultural nonpoint sources at
=hipedwow weepa.goviowow/nps/facts>, Note particularly numbers 1 and .

For a broader view of wiater use in the United States go back o the USGS main Web site on water use at

<htip/ waterusgs. gove,

A biennial report on the world’s water resources is available at <httpy/wwwworldwaterorg=. The latest edition
at the time of this manuscript prepacation was The Woeld's Water 2006=-2007 A variety of dama such as maps,
tables, and charts, are available on the site, and the full report can be ordered. This chapter opened with infor-

mation off the Wels site.
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TERMS TO KNOW
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Drainage and

Irrigation

OBJECTIVES

After completing this chapter, you should be able to:

+ define drainage and explain its importance

- explain the difference between wetlands and wet soils
- identify methods of antificial drainage

+ identify methods of irrigation

= decide when and how much to irrigate

= name water quality problems for irrigation

- explain natural soil moisture regimes

Aliny acres of American land suffer from one of twe moisture problems—
cither the soil is 0o wetl or the soil is wo dry. With proper treatment,
however, some of these acres become productive cropland, popular golf
courses, and even attractive wetlands. These important moisture man-
agement tools—artificial drainage and irrigation—have made some lands
highly productive. On the other hand, they have also been the root of
some ecological problems. This chaprer describes artificial drainage and
irrigation, with some of its attendant problems. This chapter will also
say a few words about natural soil moisture regimes and their influence
Ol CCOSYSLENS.

THE IMPORTANCE OF DRAINAGE

Drainage refers 1o how rapidly excess water leaves soil by runoff or drain-
ing through the soil. The term also describes 2 condition of the soil—how
much of the time soil is free of saturation.

In a well-drained soil, excess water leaves the root zome quickly enough
that roots do not suffer lack of oxygpen. Poorly drained, or “wet,” soils
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remain waterlogged long enough o interfere with plant geowth, Three conditions con-
tribute (o soil wetness. First, soils may be wet because they are naturally impermealhle,
like a compacted clay sail. Second, s0il may be inundated by flooding or runoff from
higher elevations.

The third and most common cause of soil wetness is a high water table—the upper
surface of a zone of saturation in the soil. Commonly there are major, regional water
tables at some depth. There may alse be shallower, local water tables that form above
an impermeable soil layer that restricts deeper percolation. These are called perched
water tables, because they are perched above the regional water table (Figure 9-1)

Extending above the water table s 2 wet, nearly smurated’ zone created by capillary
rise called the capillary fringe. The height of the fringe varies from about 6 inches in
sand 1o about 18 inches in fine-textured s0il.

Most drainage problems occur in depressions or large level areas that water cannot
quickly exit by runoff. Parts of slopes may be wet where a groundwater layer intersects
the land surface, Water leaks out into the soil at these locations, called seeps.

Effects of Poor Drainage

Where the water table or capillary fringe intrudes into the root zone, soil wetness can
create anaerobic conditions that deprive roots of oxygen, as described in Chapter 7.
For most plants, rapidly growing peints such as root tips and root hairs are quickly
damaged, and root-rotting organisms attack the roots, Water and nutrient absorption
suffers, and toxic materials build up in the sofl. Rooting will be limited to the aerated

Soil surface

Imparmeable sod Layer

Drier tayars of soil

Pegional waler
tabla

Figure 9-1

Water tables in the soll. Reglonal
water tables can be at any depth.
Sometimes an impermeable
layer prevents deeper percola-
thon, creating a perched water
table, Above the water table
lies a zone of wetness called the
capillary fringe.
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Chapter 9

zone above the fringe. Thus, soil wemness limits the growth of upland crops such as
corn and apple trees or most common landscape plants.

Poor drainage interferes with tillage and other firming operations. Poorly drained sodl
tends to stay wet later into the spring, delaying planting operations, Slow drying on
poorly drained soils also keeps growers out of fields or purseries after arain (Figure 9-2).
Because wet sails warm slowly, they stay cold later into the season and delay plant-
ing and seed emergence. Draining these soils lengthens the effective growing scason.
In arid and semiarid areas, poor drainage can cause accumulation of salts in the root
zong, leading 10 crop damage and increased susceptibility to erosion. Poor drainage
also frcquuntly interferes with success in managed landscape settings,

P - e 1|
A Little History

Apparently the problem of using farm equipment in poorly drained soils played a
role in the widespread adoption of artificial drainage. An article in the 1938 Hand-
book of Agriculture: Sails and Men, noted that drainage was a well-established prac-
tice, but that: *For years some farmers have seen wet spots in good fields ‘drown
out’ with loss of labor, fertilizer, and seed, ... Yet they made little or no attempt at
drainage until they changed from horses to tractars, When the heavier machinery
mired down they decided ta drain. Realizing the seriousness of the situation in
holding up the sale of farm machinery, ... one manufacturer published a bulletin on
drainage, even though the company preduced no drainage toals.”
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WETLAND AND WET SOILS

This text draws an important distinction between wet soils and wetlands. The latter are
sufficiently valuable to the nation in the ecological services they deliver, that their drain-
age is @ questionable practice, Here we will describe differences between the two.

Wetlands

As a consequence of their importance, federal and state programs offer protection to
wetlands (Chapter 20), (though recent Supreme Court decisions have diluted those pro-
tections) and losses have slowed over the past decades. Nevertheless, the 1997 National
Resource Inventory (NRI) estimates a current average annual loss of almost 33,000
wetland acres, about half to development and a quarter o agriculture, The 2003 NRI
estimated that wetland acres had actually grown in the prior few years, but critics
pointed out that many counted sites could not be considered true functional wetlands.
Acrial surveys in 2006-2007 in Minnesota revealed continued wetland destruction,
more than had been expected.

While the definition of a wetland and the procedures for determining what a wet-
land is (called wetfand delineation) are based on a solid scientific foundation, rules
concerning wetlands are also based on legal and political factors. Wetlands are defined
as areas that are flooded or saturated by surface or groundwater often enough and long
enough during the growing season o support vegetation adapted for life in saturated
sorils. This condition is currently indicated by three criteria;

* Wetlands possess hydric solls, defined as soils that are saturated, flooded,
or ponded long enough during the growing season to develop anaerobic
conditions in the upper part. More simply, the water table of a hydric
soil is shallow enough that the capillary fringe extends to the surface,
or is even wetter, for several weeks during the growing season, Gleying,
mottling, and other indicative features in the upper part of the soil are
indicators of a hydric soil.

Wetlands exhibit wetland hydrology. That is, the amount and behavior of
water in the soil is such that the surface soil is saturated enough during
the growing season to warrant the designation of wetland, determined by
actual measurement, Long periods of standing water are neither required
to meet the definition nor to offer the benefits of wetland functions.

= Wetlands host identifiable wetland vegetation. National lisis of these
plants are maintained for purposes of applying this criteria,

Soils meeting these criteria are legal wetlands, and gain certain protections. Details
of applying these criteria are beyond the scope of this text and continue 1o change and
develop. However, we should discuss some of the values and functions of wetlands.

Water Control

Wetlands play an impartant role in water cycles of the United States. Many wetlands
are sites for the recharge of groundwater, Wetlands also store water during snowmelt
or heavy rains, reducing the amount of floeding by buffering rivers from an immediate
influx of water. When wetlands are replaced by drained fields or suburban streets, large
amaounts of water enter rivers quickly, rather than being held in wetland reservoirs. Both
large, permanent wetlands aned small, seasonal wetlands contribute o flood reduction.
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Water Quality

Wetlands play a role in improving water quality by trapping and filtering nutricnts, sed-
iments, and pollutants. Marsh plants absorb nutrients and even toxic chemicals. Peat
on the marsh floor also absorls pollutants, and high bacterial populations denitrify
and remove nitrogen contamination. Thus, wetlands help reduce nutrient and chemical
runcfl from farms and nurseries, Restored or wholly created wetlands are increasingly
being used 1o cleanse runoff from farm fields, stormwater discharge into lakes, or even
as an alternative (o seplic sysiems.

Wildlife Habitat

Wetlands function as wildlife habitat (Figure 9-3). Twenty-six species of game or fur
animals are associated with wetlands, especially waterfowl, Even small, seasonal, tem-
porary wetlands are important 1o many species of waterfowl during spring migration:
Hundreds of other nongame animals depend on wetlands for food, protective cover,
or sies o cise yvoung. More than 50 percent of threatened or endangered species are
associated in some way with wetlands, In addition, wetlands provide spawning areas
for many fish and shellfish, particularly coastal marshes that host commercially impor-
Lant species.

Recreation and Education

Wetlands also’ provide recreational and educational opportu
fishing depends on wetland habitat, either directly or as nursery habitat for game or
gamefish. Science classes often visit wetlands for study. Pollen imbedded in peat layers
on the marsh floor are studied 1o recreate past climatic and vegetative conditions.

ies, Much hunting and

This small weodland pond in
Minnesota is a natural wetland.
Such wetlands have impartant
ecotogical functions, These
woodland ponds, for example,
are important to woodland
amphiblans like tree frogs

and salarmanders.
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Although society benefits from wetland Preservation, land
out directly realizing all its benefits. This makes i e d“;‘_.':-; be di :
Or Tadl ywep ancis. rnf

CrOPRIng or development. In many areas of the count
remain. Iowa has lost 95 percent, California and N:.‘b:z;::l”;unf the original wetlands
Mississippi Valley 80 percent, # 28 pereent, and' the lower

ar the cost with-

Wet Soils

Wer soils have fewer ecological functions compared with wetlands. Mearly 25 perce
of all farmland would be too wet to support full production if it were not Eﬂ.in]:; i

The most ;11:!::":'.:11 sign of poor drainage is the presence of standing water several
days after a rain. W'il.ii'r'm\‘.iﬂg plants are often found growing on wet soil. A percola-
tion test serves 1o infer drainage, In the test, holes are dug and filled with water to wet
the soil around the hole. After emptying, the holes are refilled with water, and the time
it takes for drainage is noted.

S0ils are divided into the seven drainage classes listed in Figure 4-17, These classes
range (rom the driest, excessively drafned, from which water is removed very rapidly,
1o the weltest, very poorly drained, in which water leaves the soil so slowly that sur-
face soil is wet during long periods of the growing season. Scil colors, as shown in
Figure 4-17, can be good indicators, In general, soils of uniform color of high value
and chroma are well drained, while mottling, and low value and chroma colors indi-
cate poor drainage.

Soils classified as very poorly drained, and many of those that are poorly drained,
meet the criterda for legal wetland and are best preserved as wetlands. Poorly drained
s0il must be treated for most crops, and even somewhat poorly drained soils often
require treatment for best results, Those soils at the dry end, on the other hand, ben-
efit from irrigation, discussed later in this chapter.

Soils that stay saturated can be artificially drained. Artificially drained soils can be
remarkably productive, as they are in much of the Corn Belt. Two types of drainage
are available: surface and subsurface drainage.

Surface Drainage
Surface drainage systems collect and remove excess watér from the soil surface. Sur-
face drainage is best suited to three situations:

« collecting excess surface water on impermeable soil that cannot absorb
it readily.
» channeling away water flooding fields from higher elevations.
= collecting irrigation water applied in excess of the soil's ability 1o absorb it
surface systems are inexpensive to install, because they are simply ditches dug

through the field (Figure 9-4). Water flows off the land into the ditch and is dis-
charged off the field. Random ditches may be dug to drain a few depressions. In large,
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A drainage ditch in lowa drains
these flelds. (Courtesy of

LS0DA, Narural Resources
Canddnvation Semace)

unifermly wet fields, a serics of parallel ditches collect water from the whole area.
Some grading may be done to improve the slope of the field to ensure thar the water
runs into the ditches.

The primary function of surlace systems is o remove surface water. However, they
can also lower the water table in permeable soil iF the ditches are dug deep enough
to enter the water table. Water leaks into the drainage ditch from the soil. In most
situations, however, a subsurface svstem is needed to remove subsurface water.

Surface drainage may also be improved by land grading. For example, playing fields
are often crowned—elevated in the center, gently sloping to the edges—10 move water
more quickly off the field, Similarly, laindscapes are also graded to avoid water prob-
lems around the building foundation.

Subsurface Drainage

Subsurface drainage collects water that has seeped into the soil and discharges it into
surface ditches. A subsurface system consists of buried “pipes™ ino which water seeps
and then flows 1o an outlet.

Water will nowt be released into a drain unless the surrounding soil is saturated, when
matric potential goes o zero. Drains are therefore installed below the water table in
the zone of saturated material, By removal of excess water, drains lower the water
table, leaving a deeper surface laver of drained soil (Figure 9-5),

Subsurface drains are made of several materials, Common materials in the past were
short drain tiles made of fired cday or concrete, The tiles are hollow eylinders 1 or 2
feet long. The contractor digs a rrench and lays the tiles end-to-end. The tiles are not
sealed together, so water seeps into the line through the joints.

Today, perforated plastic pipe largely repluces riles in subsurface drainage systems. A
long continuous (lexible plastic tube with holes (perforations) spaced along its length
can be installed much more gquickly than tiles, Plastic is less expensive to install than
tile and is especially useful in soils that may break up tile lines by shifting.
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spacing for tile lines,

The design of subsurface drainage systems depends on the situation. Small poorly
drained areas can be drained with a targeted system, while large areas will be served
by a definite pattern (Figure 9-6) Soil texture determines depth and spacing; coarser
texture soils with better hydraulic conductivity allow wider spacings and deeper place-
ment (Figure 9-73 A gentle grade in the rile line allows water to flow toward a collec-
tion main and on o an outlet (Figure 9-8), usually in a drainage ditch. From there the

o

=1



A tile outlef into a drainage ditch
in lenwea, This excess soil water,
and whatever contaminanis it
containg, entérs local river sys-
tems and evantually, the

Guif of Mexico, [Courtesy of
LS04, Narwral Resources
Conservation Service)

water flows towand some body of surface water, often a river, and is carried on 1o the
sea, Where a grade is not feasible, water will be pumped for removal

Tile lines are also installed around foundations to avoid moisture problems in base-
ments. Some of the most advanced playing ficlds also include tile lines 1o return fields
1o playability quickly afier a rainfall.

Drainage Management

While drainage systems enable us to farm some of our most productive soils, the accelers
ated water cveling on land creates environmenital problems. It can, for instance, contrib-
ule to increased flooding by moving water rapidly off fields into rivers, causing a rapid
increase in streamflow, Frequent flooding of the Red River of Minnesota and North Dakota
is partially attributed o widespread artificial drainage of the surrounding flat land.

Artificial drainage degrades water quality by transporting contaminants through
ditch systems and into rivers, In places, like some areas of the Western United States,
sali-laden drainage raises salinity of water downstream. In many areas, drainage water
carries nitrates from fertilization and manure application—no doubt, the tile cutler of
Figure 2-8 is dumping not only water but also nitrates into the ditch. Contaminants
enil up dovwnstream where 1.]“.‘"_I." cause water guality and environmental problems. For
imstance, a large dead zone in the Gulf of Mexico has been attributed partially to drain-
age systems in the Mississippi River basin (Chapter 15L

Mirrate loading is most severe when drainage is most intense; that is, tile lines are
deep (ereating a deeper aerated zone), spaced close together, and run all the time.
Nitrate loading can be minimized by installing or aliering systems 1o drain less intensely.
Agricwlinre Drainage Management Sysiems, or controlled drainage, reduce drainage
intensity while allowing suceessful cropping. Controlled drainage systems shut down or
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adjust the ouwtflow of drainage water during times of the year when the water table can
bz allowed to rise. When soil is wetter, bacteria denitrify more nitcates to nitrogen gas
before they reach the water table. Allowing the water table to rise at times also allows
water (o be stored for crops, and can be used 1o slow subsidence of organic soils by
reducing oxidation. Generally, controlled drainage involves gates that control outflow.
The actual design of controlled drainage systems and their use varies from region o
region depending on climate and topography.

IRRIGATION SYSTEMS

Irrigation has a long history in world agriculture. We know irrigation has been prac-
ticed for ar least 4,000 yvears. The success of civilizations along rivers such as the Nile
in Egypt and the Ganges in India has been partially attributed to irrigation. In the
United States, traces of 1,000-year-old irrigation canals can be found along the Gila
River in Arizona

Today, 11 percent, more than 500 mallion acres, of the world's cropland is irrigated,
cspecially in India, China, the United States, Mexico, and the mideastern nations.
Indecd, irrigation is partially responsible for a large reduction in world hunger since
the 1950s in places such as India and China as part of the Green Revolution of the late
twenticth century.

About 16 percent of American cropland is irrigated, concentrated especially in cer-
tain states (Figure 99 In dry parts of the country, irrigation is essential 10 crop-
ping the land. Even in less-aricd regions, irrigation supplements natural rainfall, waters
droughty soils, or relicves moisture shortages during dry spells.

Irrigation water can be applied in a number of ways. Figure 9-10 lists nine systems
and some of their traits, These nine systems can be divided into four catepories: sub-
surface, surface, sprinkler, and microirrigation.

Death of an Inland Sea

One of the world's largest lakes is—or was—Lake Aral in the former USSR, now in
Kazakhstan and Uzbeckistan. Soviet planners, in support of cotton growing, created
vast irrigation systems that diverted water from the lake’s tributaries. These drained
the lake to such a degree that it is now a quarter its former size and split into two
smaller lakes, with the remaining water becoming quite saline. Dust blowing off the
exposed lake bed and salt pans has contaminated surrounding regions, and regional
climate has been altered, This ecolegical disaster is only the most extreme example
of the damage that careless irfigation can do.

Subsurface Irrigation

Subirrigation is watering from below, using capillary rise from a deeper zone of satu-
rated sail. The zone must be high enough that water can rise into the root zone, but
not so high as to satueate it In some places, subirrigation occurs naturally, in other
areas, subirrigation is simply an extension of controlled drainage. Subirrigation on
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cropland is useful only in special situations. It is, however, i11.L':n_'.'L.-in;:]}' COMMmEn s a

way to water poited plants in greenhouses,

Surface Irrigation

Surface irrigation invalves floading the soil surface with water released from canals or
piping svstems. Surface irrigation is most suitable 1o level or slightly sloping land of mod-
erte .[JL'FI1II.':I.EI'i'|i.|.:I.'. This is 50 because surface irrigation depends on ponding of water on
the surface, so can only be used where ponding does not lead to runoff and erosion.

In preparing land for surface irrigation, fields are carefully leveled o a slight slope.
A system of canals (Figure 9=11) uses gravity to carry water to the farm and among the
fields, Surface irrigation is especially suited to areas where region-wide canal systems
can be built, as in parts of the American West. After the water has reached the felds, i
is clistributed mainly by one of twa ways—border strips or furrows,

Border-Strip Irrigation

Border-strip irrigation, also called basin ircigation, is practiced by covering the entire
s0il surface of a field with a sheet of water (Figure 9-12). Each field is divided into
smaller parts by low dikes. Each section is flooded in turn from a ditch or pipe run-
ning along the head of the feld. Because of the large surface area of the water flood-
ing the ground, evaporation causes some waste of water. Runoff and percolation can
also be extensive,

Furrow Irrigation
Furrow irrigation (Figure 2=13) distributes witer through furrows, with crops planted
on ridges between the furrows, Capilliry action carries water into the ool zone.

Figure 9-11

Part af a canal system, a
concrete lateral that services
orchards in Mew Mexico,
{Courtesy of USDA, Natural
Resources Conservainon Servicel

Figure 9

Basin irrigation on young citrus
reas in Arizona. Note the dikes
separating the basing. (Courtesy
of USDA, Nariral Resources
Conservation Service)
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Furrows are suited 1o row crops such as vegetables, corn, or cotton, Evaporation is less
nF an prnf'r'li_'n'l thian in '|:||:r|1,!ur Sl:rl.h'l:\ bec AT h._'*i\. \-I.!l'l-..l.l;'g" s cxpus.ud B Ilu- ;:ir. h't".ll’l'!u'
half of all irrigated land in the United States is furrow irrigated.

Sprinkler Irrigation

Sprinkler systems pump water under pressure through pipes (o sprinklers that spray
water out in a circular pattern (Figure 9-14). Sprinkler irrigation can be used where
it is not possible to surface irrigate. For example, soil that is oo permeable or (00
impermeable for surface irrigation can be sprinkled. Ground that is not level can be
sprinkled without leveling. Uniform application of water over a large aren, such as rf
or pasture, is best accomplished by sprinkler systems. However, wind can disrupt the

sprinkling pattern so irrigation in windy weather may not be uniform; water evapora-
tion also reduces efficiency.

Sprinkler irrigation equipment can be used for other purposes in addition 1o watering
crops. Some growers apply agricultural chemicals by sprinklers, a technigue termed
“chemigation,” or “fertigation” for fertilizers. Sprinklers can also substitute for rainfall
1o activate herbicides, One sprinkler system can be used for frost control, which is
described later.

Hand-Move Irrigation

Hand-mowve irrigation (Figure 9-15) is the least expensive sprinkler system 1o install
The svstem consists of lightweight aluminum pipe that can be easily moved from place
to place by a single person, using a pattern like that of Figure 9-16. This system is
ems are most suitable

ing cost is high. Hand-move sy

labor<intensive and the o
where irrigation is used to supplement natural rainfall rather than to replace it
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Solid-Set Irrigation

Solid-set irrigation uses the same equipment as hand-move setups, except that an
entire field is set up at planting, as in Figure 9-14. The pipes remain in place until har-
vest, The larger number of pipes needed o supply all fields increases inmial equipment
casts, but eliminates additional labor during the growing season.

Laterals :

Sel 82

Sat #1

Sprinklar
Sprinkling pattern

Lateral pipes

Main pipe

WWaler
SOUNCE

Figura9-15

Hand-move sprinklers on seed-
beds in a Minnesota nursery. This
line will be picked up and moved
manually to the next position,
See Figure 9-14,

Figure 9-16

In & hand-move system, the lat-
eral is moved from one position
to the next along the main line.
Sprinklers are spaced 5o thedr
patterns overkap for uniform wet-
timg. Solid-set is dimilar, except
all thee laterals are set up at onde
and remain in place.
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Solid-set systems are commonly installed for both irrigation and for frost protection in
high-value crops such as sirawberries. Turning onsprinklers when frost threatens keeps
the crop wet, preventing leaf and Aower temperature from dropping below freezing.

Turf irrigation systems in lawns, golf courses, or sporis fields may also be viewed as
solid-set sprinkler svstems, In turf svstems, pipes are buricd and pop-up sprinklers are
installed at =il level, Pop-up sprinklecs remain out of the way of equipment or people
using the turl until water pressure “pops” them up,

Traveling-Gun Irrigation

Traveling-gun irrigation uses one very large sprinkler mounted on a trailer that moves
across a field. The gun sends out a single large stream of water that covers several
acres. The gun is very susceptible to wind problems. Because it has a very large
nozzle, it has also been used to spray liguid manure and other slerries

Center-Pivot Irrigation

Center-pivot irrigation systems wchored to a center pivor point.

The 'l.'.'ﬂ[r.'l'i.ﬂ_g line is elevated above the cmp l:l'lv IO rs |1|_|_1|_1r1l4_'{i (8141 wl'.g'-;:'i.-\. -.fi-‘i;,rur«'_'
9=17L As the system operates, the line slowly turns around the pivot point. By the time
the circle is complete—060 1o 120 hours later—as many as 160 acres have been watered,

Center-pivol svstems have the lowest labor requirement of any irrigation method and

are best suited for large-scale irrigation,

Wheel-Move Irrigation
Wheel-move irrigation consists of a line of sprinklers mounted on wheels. In operation,
the line of sprinklers slowly rolls down the field uniil it reaches the end of its hose.
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The pattern of wetting for wheel-move irrigation is rectangular rather than the circular
pattern of center-pivot irrigation. Some growers prefer the wheel-move system because
it irri

pivor irrig

es all parts of the field and does not leave unirrigated corners as does center-

tion technologics designed o make more efficient

use of water, improve productivity, and reduce environmental problems associated
with standard irrigation methods. Unlike other methods, microirrigation delivers water

v sanall

localized zones where the bulk of the roots are. The two technigques, drip (or

1ckile

| microspray, deliver water at slow rates right at the crop's root zone with
sration or runoff and without watering surrounding soil.

ipirrigation was pioneered in [scael, where water conser vation is critical. A trickle sys-

vis made of 0.5-0.75 inch flexible plastic tubing running down a crop row, or buried
under the row, with special "emitters” spaced along the pipe (Figures 9-18 and 7-9).

Figure 9-18

Dwip irrbgathon in a vineyard in
Mow Mexico, Mare commaonly.
the tubbing that carries water to
the drippars lies on the grl:llt.l mid.
It may also be burled wnder the
crop. Drip irrigation is the most
water-efficient of all systems.
[Courresy of USDA, Natural
Resoarrces Conservation Senvice)




Emitters can be spaced to water
individual plants (AL or spaced
mose closely towater a solid
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remalns umwetted.
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Trickha lina

()

The soil itself conveys water 1o the root system. Water drips out at a single point and
wels a soil volume by capillary movement. Therefore, the wetting pattern and volume
wetted depends on soil texture, and so must the spacing of the tricklers. On coarse,
sandy soils, tricklers must be spaced very close topether. Figure 9-19 shows how trickle
irrigation can be designed o wet only the part of the seil occupied by crop roots.

Dirip irrigation is also widely used by greenhouse and nursery growers of potted
plants. In this application, the emitter is on the end of a long “spaghetti” wbe lodged
in the pot.

Drip irrigation has several benefits. The system operates at low water volume and
pressure, solimited water sources and small pumps and pipes can be used. The sys-
tem is neardy 100 percent water efficient compared with an efficiency of 50 percent to
75 percent for other methods of irrigation. Generally, less water is needed in drip
irrigation (o produce a better vield compared with surface or sprinkler irrigation.

Microspray Irrigation

In microspray irrigation, small spray heads replace tricklers (Figure 9-20). Like regular
sprinklers, water is delivered through the air, but these are located near the ground
in spray patterns only a few feet across. Like drippers, they wet anly localized arcas
where roots are most concentrated, and so save water, Because they wet a larger areq,
microsprays are particulardy useful for irrigating large trees, as in orchards, beds in
Lindscape areas, or in coarse, sandy soils,
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Microspray irrigation watering a
landscape tree in Mevada, While
wiateting only the root zone, (¢
Cowers a wider area than drip-
pari (Courtésy of USDA, Nafuwral
Resources Consenation Service]

USING IRRIGATION

Ihe wdeal drrigation brings just the soil in the crop's root zone to held capacity. Irri-
gation engineers—and growers who use the systems they design—decide how much
wiater must be added to reach that moisture level. They must also decide how dry the
soil should be before irrigating.

Irrigation practices vary in different parts of the country. In general, irrigation begins
when 50 percent to 60 percent of the available water has been used by plants. An excep-
tion to this general rule is drip irrigation, which is designed to maintain field capacity.

Deciding When to Irrigate

Decisions about when to irrigate can be made based on three approaches: simple
scheduling, measuring soil moisture, or determining evapotranspirative loss (ET) since
the last irrigation or rainfall.

Simple scheduling is based on average crop needs and weather in a0 given region.
Using local recommendations, one might read that corn requires a certain amount of
witer during the month of July, and irrigation is scheduled accordingly. Lawn sprinkler
systems are often simply set on time clocks, which is easy for the owner but often does
not reflect actual turf needs. Such systems may underwater during dry periods, and

more commaonly, overwater during periods when little ircigation is needed. We do not
wint 1o see sprinklers going during @ heavy rainstorm, and time clock systems in land-
scapes should at least carry a rain sensor that shuts off the system during rainfall.

Soil moisture can be judged using a feel test similar to ribbon testing (Figure 9=21% A
soil sample is mken from several inches below the surface. The feel of the soil is then
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compared with the chart in Figure 9=22. Irrigation should begin when the soil reaches
the “fair™ moisture level, While experience helps, feel tests are less reliable than mes-
suring devices.

Potentiometers (tensiometers) and resistance blocks render more reliable readings
of soil moisture, so work very well for deciding when (o irrigate. Resistance blocks
work over the widest moisture range, but potentiomerers are more acourate within
a narrower range. Because potentiometers work best within the wer o moderately
dev range (0.0 and —0.8 bar), they are best suited to a fairly moist irnigation regime,
Resistance blocks are needed where irrigation is infrequent. Generally, tensiometers or
gypsum block sensors are placed in pairs, one at a shallower depth and one deeper
An irrig-.il:inn SVALLTIN CAn e avtoamanedd b".' ::(|1.||'|[g a controller to the potent wormeter that
tripgers irrigation when the soil is oo dry.

Degres of Moisture

Dry Powdery dry 0%

Lo Crumbly, will not hold together =250

Fair Somewhat crumbly, will hold 1ogethes 25=50%

Good Forms ball, sticks together slightly with pressure 50-75%

Excellent Farms pliable ball 75-100%

Too wet Can squesze out Waler Over field capacity

Amount of Avallable M

Chart for interpreting the manieal soll molsture test of Figure 9-21. Begin irrigation when soil molstune is at the “Fair” level. The thied colurmn Hsts the
remaining percentsge of avadlable water a1 each woil molsture condition.
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An alternative approach is to measure losses due 1o evaportranspiration. When those
losses reach some level, the lost moisture is replaced by irrigation. A traditional way to
do this is the evaporation pan, a large pan of prescribed dimensions set out where it will
experience the same conditions as the crop. The rate of evaporation depends on tem-
perature, light, humidity, and wind: the same fctors that affect evapotranspiration.

There are several pans in use around the world, but here people use the U.5. Weather
Service Class A Evapotranspiration Pan most commonly. Evaporation from this pan can
be measured by keeping track of water depth, and consulting charts, evaporation from
the pan can be correlated with evapotranspiration losses of the crop. From this, the
need for irrigation, and the amount needed, can be determined.

Mew, sophisticated irrigation controllers based on ET are now available that are like
her stations, either sensing local conditions directly or obtaining real-time
data from the local weather service. Such controllers, becoming more common in land-
scape applications, turn on or off irrigation automatically and allow precise control.

small we

How Much to Water

It is important o add the right amount of water when irrigating. Too much water
causes excess percolation and runoff, resulting in leaching of nutrients, wasted water,
possible pollution, and even erosion. Too little water fails to bring soil to the best mois-
ture level, Two factors affect the amount of water o be applicd during irrigation: soil
texture and rooting depth,

Figure 9-23 is a simplified table showing how much available water soils of different
textures hold at field capacity; Figure 9-24 gives examples of the average rooting depth

per Foot o

Coarse 0.3-1.1 inches
Figume 9-23
MECITECNN S Rl B nchas Available water held in soils of
Medium 2.0=2.9 inches different textures at field capac-
Medium fine 1.8=2.6 Inches ity '.I'hla.uﬁforrpatlnn Is used to
detign inrigation systems and
Fine 1.2-2.0 inches to cabculate how much water to
apply during irrigatkon.

.ﬂ.'..ln_*r.gc_;:: Ra ating Depth {fr}

Beans Beets Alfalfa Muts
Cabbage Cane berries Cotton Tree fruits
Carrots Corm Grapes Shade trees
Cucumbers Grains

Onions Melans

Peanuits Peas

Strawberries Potatoes

Tomatoes Sweet potato

Turfigrass Soy beans

g

werage roating depths for a
variety of crops.



Chapter 9 e .

of several crops. As a simplified example of how 1o caleulate the amount of water to be
applied in one irrigation, let us consider soybeans in a sandy loam soil.

1. A medium coarse soil holds 1.2 inches per foot of available water,

2, Soybeans root to a 2-foot depth.

3. Total water available to soybeans = 1.2 inches/foot % 2 feet = 2.4
inches water.

4. Irrigation is turned on when 50 percent of the available water is gone.
Thus, 50 percent of the water is to be replaced. Total added = 2.4
inches X 0.5 = 1.2 inches per irrigation,

This calewlation tells a grower that if watering is started when the water is 50 per-
cent gone, 1.2 inches of water will bring the root zone of soybeans in medium coarse
soil to field capacity, If the rooting zone contains more than one soil layer, each should
be calculated separately. Precise information on any given soil is available in soil sur-
veys (Chapter 3).

Application Rate
Water application rate is an essential component of irrigation design. In surface irriga-
tion system, with water ponded, the intake rate depends entirely on the infiltration of
the soil. Water should be applied 30 the entire furrow or basin is flooded without large
excesses leaving at the end.

For sprinkler systems, as long as we apply water more slowly than the infiltration
rate, intake depends on the system’s application rate. Water should never be applied
faster than the soil's ability 1o absorb it to eliminate ponding and runoff. The system’s
application rate is largely a matter of the engineering of the system, and depends on
pressure, nozzle size, and sprinkler spacing. Interested students should take additional
coursework In irrigation design.

If an irrigator knows the application rate, run time can be calculated o deliver
the amount of water desired. In the problem calculated above, if a sprinkler system
delivers 0.4 inches of water per hour, the system would need 1o run for three hours to
supply 1.2 inches at each watering.

Saving Water

Saving water is an increasingly important task for the grower. In irrigation systems
using a pump, saving water also means saving energy. It also helps avoid water pollu-
tion from unused irrigation water flowing into streams or seeping underground. The
following points are ways irrigation water can be savecd:

* Use the most water-efficient system that is practical. Where feasible,
trickle irrigation uses the least amount of water.

= In surface systems, level the land carefully. The system should be
designed to reuse excess tailwater,

* Make sure all systems are designed correctly 1o it the crops, soil, and
terrain, For example, the application rate of a sprinkler system should be
no greater than the infiltration rate of the soil. Maintain all systems
for efficiency,
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* Water should be transported through sealed ditches 1o avoid seepage, or
through pipes, which also stops evaporation.

* All systems should contain devices to measure and control the
water flow.

* Use the amount of irrigation water that gives the best return. Using less
than the ideal amount may cause some slight yield loss, but it results in a
savings in water. Researchers are developing models for determining the
maost efficient amounts of irrigation water to be applied.

* Schedule irrigation on actual crop needs, as noted previously, not on a
time schedule.

* Llse computers to automate irrigation systems and to make decisions
about what crops need to be irrigated when,

WATER QUALITY

Both groundwater and fresh surface water are used for irrigation. The choice depends
upon the type of irrigation system used and on the water source that is most practical
locally. When obtaining water, the first consideration is its legal availability. Most states
have laws controlling access to water, such as water-use permits. Growers using water
from federal water projects must also meet federal regulations. The second consider-
ation is the quality of the irrigation water. Water may be contaminated by suspended
solids, boron, or soluble salts.

Suspended Solids

Suspended solids are small bits of solid material floating in the water, Groundwater
may contain grains of sand or silt, Surface water often has bits of organic matter or
small aquatic organisms such as algae. Most irrigation systems are not bothered by
small amounts of solids, but drip systems can be clogged. All drip systems should
include filters to remove suspended solids.

Boron

Tiny amounts of boron are needed for plant growth, but slightly larger amounts can be
toxic to plants. Some irrigation water has an excessively high boron level, especially for
sensitive plants, Most fruits and nuts are sensitive to boron levels, while some crops,
such as alfalfa and sugar beet, are relatively tolerant.

Soluble Salts

The most widespread water quality problem is the presence of soluble salts. Soluble
salts are compounds of sodium, calcium, and magnesium that dissolve in water, These
compounds are found in various levels in soil and water. The problems of soluble salts
will be examined in detail in Chapter 11, but their effect on irrigation will be surveyed
briefly here.

When irrigation water evaporates from the soil surface or is removed by plants, salts
will be left in the soil. Over time, irrigated fields may accumulate high levels of salis



lerigation water salinity classes.
This is for field irrgation; water
for plants in containers should be
much less salty. (US04 Agricuiture
Handbook 60, 1954)

Irrigation water classes for
sodium hazard. (USDA Agriculture
Handbook 60, 1954)
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and become saline. Over human history, salinization of irrigated land has been one of
our most persistent problems,

In the United States, salinity is most common in the western states. In the East,
because of high amounts of natural rainfall, enough water percolates through the soil
to leach salts out of the roo zone, Soluble salt problems are especially acute for grow-
ers of potted plants because of the large amount of watering.

Soluble salis cause three problems, First, salts cause an increase in the osmotic
potential of the soil, causing the plant to work harder to absorh water. Second, one of
the cations, sodium, tends (o break down soil aggregates. As a resull, the soil surface
i5 sealed and crusts form. Third, m least in potted plants, certain soluble salts raise
soil pH. Relatively salt-tolerant crops include barley, sugar beets, and coton. Most veg-
etables, fruits, and alfalfa do not tolerate a saline soil.

Salinity is most severe where land is heavily irrigated with water containing Fairly
high salt levels. Irrigation water can be classified by salt and sodium hazed levels, as
shown in Figures 9-25 and 9-26. The units in the table are explained in Chagpter 11,
One answer to the problem of salt buildup from irrigation is 1o use water low in salts.

However, as demand for water increases, irrigators are usually forced 1o use increas-
ingly salty water. Thus, growers must learn how to manage salty water.

inlty

Hazard Vil C Description

| Low 100-250 Suitable for most crops, little leach-
ing needed

I Medium 250-750 Moderate salt-tolerant crops or
moderate leaching needed

n High 750-2,250 Plants with good salt tolerance on
drained soil with salinity control

I Viery High =2,250 Mot suitable for irfigation except for
pocasional use under high salinity
cantral

Sadium

Sodium
Hazard Adsorption Ratio Description

1 Low 0-10 Suitable for irrigation except for
Crops very sensitive to scdium

] Medium 10-18 Suitable for coarse-textured or
organic soils with good drainage

Ll High 18-26 Soil will need treatment for sadium,
or water must be treated to remove
sodium

w Very High =76 Generally not suitable for irrigation
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The key to using salty water is to over-irrigate so excess water leaches salts below
the root zone. However, if the soil is impermeable or there is a high water table, salts
return to the root zone by capillary rise. Drain tiles may be needed to carry salty water
off the field. OF course, moving the salty water out of the field through a drainage sys-
tem tends to move the problem downstream.

In irrigating saline land, one must balance the salt coming into the field with the salt
going out (o avoid a buildup. The saltier the irrigation water, the more excess water
must be applied. This excess is called the leaching requirement. It is the amount of
water to be applied in excess of that needed to wet the root zone of the planr,

NATURAL MOISTURE REGIMES

5o far, this chapter has stressed moisture management in agricultural settings for crop-
ping soil. Drainage classes discussed here, for instance, reflect a grower's understanding
af soil moisture. But soil meisture alse strongly influences natural habitats, and people
whe work with natural ecosystems need some way to classify soil moisture as well.

Ecologisis tend to think of moisture regimes, soil moisture conditions during the
growing season, The term can be confusing, because the Sofl Taxeromy (Chapter 3)
also uses the term in classifying soils (not discussed in this text), but we are looking at
a different system here, and terms may be used differently.

An Interner site listed in the activities section uses one common and useful scheme
for describing natural soil regimes. The reader can supplement this simplification by
visiting that site.

¥eric moisture regimes are dry. The soil is moist for very short periods after pre-
cipitation, These may occur on upper slopes, which are mostly shedding warter, steep
slapes, thin or coarse soils, soils with many coarse fragments, and where no layers in
the soil retard drainage. Habitats under xeric moisture regimes will feature plants well
adapted to dry conditions, Xeric regimes may also simply be called dry.

Mesic moisture regimes are of average moisture. The soil is moist for significant
periods after precipitation. These may occur on midslopes, which are both shedding
and receiving water from above, moderate to fine soil textures, reasonably deep soil
profiles, or where some feature in the seil profile retards drainage slightly. Habitats
under mesic moisture regimes feature plants favoring adequate moisture, but intolerant
of soil saturation.

Hydric molsture regimes are wet. The water table remains near the soil surface for
significant periods during the growing season. These may occur in depressions or
where some s0il feature perches a water table, Habitats uncler hydric moisture regimes
feature wetland plants, tolerant of soil saturation. Hydric moisture regimes may also
simply be called wel.

Such schemes have intermediate conditions, such as dry-mesic, or wet-mesic.

Individuals working with natural ecosystems are not, of course, interested in manag-
ing soil moisture by drainage or irrigation, but in better understanding and classifying
natural habitats. But people who restore habitats, such as prairie restoration experts,
need this information to guide their efforts. Even homeowners who want o use native
plants will find that native plant catalogs use such a system,
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SUMMARY

Artificial drainage allows a grower 10 make a produc-
tive field out of so0il that is toeo wet to grow crops. In
addition, drainage effectively prolongs the growing
season by allowing earlier planting and better growth.
While naturally wet soils are candidates for drainage,
wetlands carry some legal protection as an important
natural resource. Benefits of wetlands include improve-
ment of water quality, reduction of flooding, and reten-
tion of wildlife habitar.

Poorly drained soil is deficient in oxygen, indicated
by the presence of standing water or subsoil color, Sur-
face drainage carries excess surface water off the field
by means of ditches, Subsurface drainage moves excess
underground water from the soil through buried drain-
age lines.

Irrigation is primarily used wo supply some or all of
the water needs of crop plants. Subsurface irrigation
uses capillary rise from a natural or artificial water rable
to water plants. This method is not widely used in the
United States. Surface irrigation foods a feld through
border strips or furrows. Sprinkler irrigation sprays
water over the soil surface through systems such as
center pivots and solid set. Microirrigation drips water

REVIEW

1.  Assume we wish to irrigate turf to a depth of
8 inches when 60 percent of available water is
gone. Assume also that the root depth is a unifiorm
silt loam texture with an available water-holding
capacity of 2.5 inches per foot. How much water
will we add each time?

2. Assume that the soil in Question 1 has an infiltra-
tion fate of 2 inches per hour. What would be the
shortest acceptable run time that could be designed
into a sprinkler irrigation system? What would
happen if the soil were later severely compacted
and one maintained the same application rate?

3. Describe the benefits and drawbacks of
artificial drainage.

4. How might topography affect the choice of
irrigation systems?

on the soil near crop plants or uses small sprinklers. It
is the most efficient system in terms of water use.

A goal of irrigation is to avoid water stress on the
plant. The need for irrigation can be judged by fecling
the soil, by using tensiometers or resistance blocks 1o
measure soil moisture levels, or by more exacting ET-
budgeting methods. By knowing the soil type and root-
ing depth of the crop, growers can calculate how much
water is required.

Water quality is a concern to all irrigators. Some
water contains oo much boron or suspended solicds.
Soluble salts are the more common problem, especially
in the western United States. Growers can manage
salinity by making sure drainage is adequate ancd
by over-irrigating to leach salts out of the root zone
of crops.

As water supplies dwindle, growers are becom-
ing more concerned about their water use, Over time,
irrigation must continue 1o become more efficient. In
addition, more efficient and cost-effective ways must be
developed to solve salinity problems.

5. Explain why poor drainage harms most crops.

6. Why might landowners decide to restore wetlands
on their property?

7. Why might an irrigated field need to also have a
subsurface drainage system? For which part of the
United States might this be most likely?

8. What is a water table and a capillary fringe? How
close would a water table have to be to the soil
surface to meet the criteria for a wetland?

9. Some garden writers suggest loosening heavy clay
soils with organic matter 1o relieve drainage prob-
lems. Under what situations might this help and
when would it not?

10. On citrus groves in sandy Florida soils, drip
irrigation does not relieve moisture stress during
dry spells as well as microsprinklers, Explain why.
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ENRICHMENT ACTIVITIES |

1. Obzerve the effects of salinity by watering previously established potted tomato plants with saline solutions.
Use common table salt in water (o create solutions of varying concentrations. Grow some control plants with
untreated water, and compare differences in growth over time.

Obtain and use ensiometers or resistance blocks,

3. For an interesting historical perspective on wetland deainage, read “The Problem: Drained Areas and Wildlife
Hahitats™ by F. Kenney and W.MAtee in the 1938 Yearbook of Agricuiture: Soils and Men,

4. There is a wealth of information about wetlands and wetland protection at this Environmental Protection
Agency site: <httpyffwwecepa.goviowow/wetlands/vital foc.html=,

The University of Minnesota maintaing a drainage site on the Internet that links 1o various other sites at
<hitpfwww.drainageoutlet.umn.edufeducation/default. html>. The Ohio site Agriculiural Water Table Manage-
meni Systems has a particularly good summary of several topics explored in this chaprer.

\_.fl

6.  Here are more details on center-pivot irrigation systems: <httpyfoww.extcolostate.edu/pubs/crops/
704 . heml=.

7. For photos and descriptions of drippers, microspray heads, or many other components of irrigation systems,
numerous commercial sites may be found on the Internet. ;

8. For a complete table of the soil-moisture regimes described at the end of this chapter, go to <htp:fwww.for.
gov be.ca/ hrefforprodfordyn/projects/referenc/moisture, hemi=

9. The National Resource Conservation Service offers its National Conservation Practice Standards on-line at
<htipwww.nres.usda.gov/technical/Standards/nhep html=. Check out the standards for Drainage Water
Management and for Irrigation.
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Soil Fertility

OBJECTIVES

After completing this chapter, you should be able to:

= name and classify the essential elements

= list four sources of nutrients in the soil

= describe soil colloids

- define cation exchange capacity and related terms
= describe how plants absorb nutrients

- explain other soil fertility factors

Soil fertility is the ability of soil to supply nutrients for plant growth, The
soil is a storehouse of plant nutrients, stored in many forms, some very
available to plants, some less so. The concept of soil fertility inclucdes not
only the quantity of nutrients a soil contains but also how well they are
protected from leaching, how available they are, and how easily roots
function. A beginning point for discussing soil fertility is to define the
term -p!ﬂﬂ[ nurient.”

PLANT NUTRIENTS

Plant nutrienis arce the essential elements needed for plant growth. Plants
absorb e least 20 different elements, bt only a few are needed for plant
growth, Some are not necded by plants, but are needed by animals that
eat them, and that makes those elements important for human and animal
nutrition. Many elements are needed by neither plants nor animals, and
ohers, like lead, are even wxic. Thus, plants contain many clements not
necded for growth,

Which elements are essential? The most commonly accepted rules for
determining whether an element is cssential are a8 [ollows:



__ Soil Fertility

1. A lack of the element stops a plant from completing growth or

reproduction,

2, The element is directly involved in plant nutrition, not merely “taking
up space” in plant tissues,

3. A shortage of the element can be corrected only by supplying that element.

Based on these rules, 17 essential elements are identified by most scientists (Figure
10=1} Several others play a role in the nutrition of some plants but cannot yvet be consid-
cred true essential elements for all plants. These beneficial elements are also identified
in Figure 10=1. The definition of an essential element is not as clear-cut as it might seem,
and some might include some or all the beneficial elements as essential (see sidebar).

—
| Name

Carbon

| H"'dr{.:_p_:-n

|  Oxygen

| Primary Macronutrients
Mitrogen
Phosphorus
Patassium

Secondary Macronutrients

Calcium
Magnesium
Sulfur

Micronutrients

Boron
Copper
Chlorine
Iren
Manganese
Malybdenum
Mickel
Zinc
Beneficial Eleaments
Sodium
Silicon

Cobalt

Symbol

Ca
Mg

cl
Fe

Mn

Si
Co

lonic Form

H*—{not used by plantsin
this form)

MOy, NH,
HPO, " HPO,
K "

Ca™
Mg*
S0

BIOH),. BIOH, )™
Cu

ci-

Fetipes

Mt

Malg®

Mi**

Zn®2

Si0;2
st

lomn Marme

Mitrate, ammanium

Orthophosphates

Sulfate

Baoric acld, borate
Cuprous
Chioride

Ferrous, Ferric
Manganous

Molybdate

igura 10-1

Essential elerments and their ionic forms. Sodivm, silicon, and cobalt are nonessential but beneficial elements.




The healthy pin oak (Quercus
palustris) beaf |s darker green than
those exhibiting a lack of iran,

a condition called lron chlorosis.
Iron is a trace element involved
in chlarophyll farmaton, In the
chiorotic leaves in the back-
ground, little of the dark green
chiorophyll has formed.
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Defining Essentiality

The three criteria listed here were proposed in a seminal article by Armnon and Stout
in the journal Plant Physiology in 1939, available on the Internet, Other authorities
have proposed other criteria, and accordingly, between 16 and 20 elements may be
considered essential. In practice, a fourth criteria is followed by many—that the
element must be necessary for a wide range of plants, not just a few.

A live plant is mostly water, some 90 percent by weight. Of the remaining mass, or
dry weight, most is carbon, oxygen, and hydrogen in the form of organic compounds,
Plants obtain these three from air and water during the process of photosynthesis. The
remaining 14 elements are obtained from the soil, and we might call these mineral
rueriests, It is these 14 elements that are discussed in this chapter.

Plants use six of the fourteen mineral elements in large amounts, These SiX
macronutrients are nitrogen, phosphorus, patassium, calcium, magnesium, and sulfur.
In the following relationship, the six nutrients are listed in decreasing order from the
greatest amount used by most plants (nitrogen) 1o the smallest amount (sulfur),

NzK=>Ca>MgzP=5

Soils are less likely to be deficient in calcium, magnesium, and sulfur than the other
three nutrients, and since most soils supply enough calcium, magnesium, and sulfur,
soil scientists call them secondary macronutrients, or simply, secondary nutrients. The
primary macronutrients, sometimes called fertilizer elements, are often not available in
large enough amounts for best growth. The three primary nutrients—nitrogen, phos-
phorus, and potassium—are most often added 1o soil by fertilization. Note that the
division into primary and secondary macronutrients is not based on the relative
amounts used by plants but on their importance as fertilizers.

The six macronutrients, except for potassium, are part of the materials that make up
the bulk of the plant. Protein, for instance, includes both nitrogen and sulfur. Living
tissue also contains very small amounts of certain important chemicals that control life
processes, such as enzymes. The other eight essential elements form part of these key
materials in plants.

The other eight nutrients, listed in Figure 10-1, are labeled micronutrients or trace
elements, because they are used in small amounts. Iron, for example, plays a role in
the process that forms chlorophyll. Only a small amount of iron is needed, but oo
little iron means that chlorophyll fails o form (Figure 10=2). The term “micronutrient”
does not, however, mean the elements are unimportant. Plants will not grow normally
without enough of these trace elements; micronutrients are as important as macronu-
trients for plant growth.

Figure 10=1 also lists three examples of beneficial elements, These are elements that
may not meet the strict requirements for being essential for most plants but that are help-
ful, or even important, for growth, or are needed by some plants. For instance, few plants
require silicon 1o complete growth and reproduction, but its presence strengthens cell
walls and reduces insect and disease problems, and nitrogen-fixing plants need cobalt.

The 14 “micro” and “macro” elements are furnished by soil. Plants absorb these
elements in a specific way—as the jons listed in Figure 10-1,
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Nutrient lons

lons, as explained in Appendix 1, are charged atoms or molecules, The charge, either
positive (a cation) or negative (an anion), results when there is a difference berween
the number of electrons and protons, One way ions form in s0il is when compounds
dissolve in water. For example, when the soluble fertilizer potassium nitrate dissolves,
the molecule breaks into two ions:

KNO, solution K + NO;

The potassium and nitrate ions now in solution can be absorbed by plant roots.

The concept of nutrients as ions is important. Plant roots absord nutrient ions; soil
particles adsork them, Absorb means to take in something, like a sponge absorbing
water. Adsorb means to attract a thin layer of molecules 1o a surface, where they stick.
Figure 10=1 lists each nutrient in the jonic form{s) most commonly absorbed by plants.
Any special name for the ion is also listed.

SOURCES OF ELEMENTS IN SOIL

Mutrient elements are present in the soil in four forms, as shown in Figure 10-3. We
could consider these four pools of plant nutrients. Together, these four pools perform
two functions: 1o store nutrients and o make them available wo plamts. The pools vary
in their function: One pool is immediately available, but, like cash in the pocket, is
easily spent or lost. Another pool becomes available very slowly, but, like long-term
financial bonds, are preserved for future use, The four pools are as follows:

1. Soil Minerals. Minerals are the major source of all soil-supplied nutrients
except nitrogen. Soil minerals are the longest term storage. Weathering
frees the elements slowly over time, dissclving the minerals into ions.
Figure 2=5 lists the nutrients contained in several rocks. As minerals, we

Stored Mutrients

Avallable Nulrienis

Long-term 5 Short-term
storage storage

Figure 103

There are four primary pools

of nutrients in the soil. Sources
least available are shown on the
left. most available on the right,
Elernents can change poels, and
when they are removed by plants
frem, the soil selution, stored
ones betome avallable.
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include here products of reactions of soil ions that remove them from
the soil solution by precipitation. (see Enrichment Activity 4 and below).

2. Organic Matter. This stores large amounts of several elements like nitro-
gen and the nutrient anions listed in Figure 10-1. Organic matter is an
intermediate 1o long-term form of storage, since elements are freed for
plant use by decay. Some nutrients in fresh organic matter are released
fairly quickly, while those in humus are released more slowly.

3. Adsorbed Nutrients. These nutrients are held in the soil anracted o
clay and humus particles. Adsorption occurs because clay and humus
particles are negatively charged. Many plant nutrients are positively
charged and so stick to the soil particles. Adsorbed nutrients are held
fairly tightly by particles, but most become readily available to plants.

4. Dissolved lons. Dissolved ions are the most readily available form of
nutrients. The mixture of ions and soil water is termed the soil soluticn.
Plants absorb ions directly from the soil solution. However, these nutri-
ents may be rapidly consumed or leached away by percolating water.

As shown in Figure 10=3, nutrients can change form. As plants withdraw putrients
from the soil solution, elements held in reserve can become available 1o plants.

While nutrients are held in reserve, they are protected from leaching or other losses.

The functioning of these four major pools creates a complex web of imeractions
that set storage and availability of plant nutrients. We tend to think of fertilization as
“feeding” plants, from the grower's hand o the soil (o plants, but in truth, the elements
we add by fertilization simply enter this complex web. Only some are quickly taken up

by plants.

SOIL MINERALS

We discussed the organic pool of Figure 10-3, and the processes of mineralization
and immobilization, in Chapter 6 and need not discuss it further here. However, it
is worthwhile adding a few words about the soil mineral pool, before we proceed to
s0il colloids.

The mineral pool partially consists of primary soil minerals like feldspar in the pro-
cess of weathering. As the process proceeds, elements are released into the soil solu-
tion, a process called dissolution. Dissolution may proceed very slowly in the case of
weathering-resistant rocks like granite or more quickly in other rocks like limestone.

However, the process is not entirely one-way. lons of nutrient elements can react
with other ions in solution to form new, less soluble, compounds, These new com-
pounds precipitate out as solid particles of new, or secondary, minerals that form in
the soil. An enrichment activity at the end of the chapter demonstrates the process.
Such ions leave the soil solution and reenter the mineral pool. These reactions strongly
reduce availability of some nutrients in many soils,

Removal by precipitation need not be permanent. The products of precipitation are
themselves subject to dissolution and may later reenter the so0il solution, Dissolution
and precipitation of soil minerals strongly refates to soil pH, which will be discussed
in the next chapter.
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SOIL COLLOIDS

As shown in Figure 10=3, adsorption serves as a source of stored nutrients when plants
take nutrients out of the soil solution. Nutrients are adsorbed on soil colloids, tiny
<lay and humus particles that carry a slight electrical charge. This charge is important,
Because it attracts nutrient ions. The soil contains three types of colloids: silicate clays,
oxide clays, and humus.

Colloids are tiny particles in the range of 0.005-1.0 um (micrometer, or 0.000001
meter), which can remain suspended in a liguid medium for long periods of time. In
the sail, clay and humus particles have the size and exhibit the behavior of colloids.
These traits explain the large specific surface area they impart to soil and why they
can move in soll, suspended in water.

Silicate Clays

Clay minerals are not simply picces of silt or sand broken into tinier particles. A ¢lay
particle is a tiny crystal of mineral formed in the soil from the wearhered products of
minerals like feldspar or mica. Feldspar and many others are primary minerals of the
carih's crust, while the clay minerals that form from the products of their weather-
ing are called secondary silicate minerals. The formation of these secondary minerals
could be shown as:

weathering

primary mineral - -+ ians in soil
dissolution

crystallization

= clay mineral (secondary mineral)

A particle of silicate clay, called a micelle, is a flar, platelike crystal made of many
layers. Each layer, in turn, is made of two or three sheets. The sheets are mainly
composed of three elements: silicon (5, oxvgen (O), and aluminum (Al), These three
clements combine to form several kinds of sheets, which can combing to form several
kinds of clays.

In the soil, silicon combines with oxygen to form the silica sheet, The basic unit
of the silica sheet is the silica tetrahedron: a silicon atom surrounded by four oxygen
atoms. This forms the shape of a four-sided pyramid or tetrahedron (Figure 10-4A).
Many tetrahedra join together by sharing oxygen atoms to form the silica sheet.

The, second important sheet in silicate clays is the alumina sheet. The basic unit of
the alumina sheet is the alumina ectahedron (Figure 10-4B). Here, an aluminum atom
is surrounded by six hydroxyl groups (OH7) to form an octahedron or eight-sided
figure, Octahedra join through the hydroxyl groups o form the alumina sheer,

These sheets can stack atop one another in several wavs to form a complete clay
crystal. The simplest stacking joins a single alumina sheet to one silica sheet, forming
what is called a 1:1 layer (Figure 10-5). The alumina sheet sheds some of its hydroxyl
groups by sharing oxygens at the “tips™ of the attached silica sheet. Note the clear
order of the 1:1 layer: hydroxyl groups at the top and oxygen atoms at the bottom, Two
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(A} In the silica tetrahedron,
each silicen atom is located in
the center of four oxygen atoms.
{8} For alumina octahadsan,
each aluminum alom is
centered among six hydromyl
1OH") groups.

The 1:1 layer is one way of stack-
ing sheets to form a clay crystal.
fA) Alumina sheets bond to silica
sheets by sharing oxygen aloms
ot the tip of each silicon 1erra-
hedron, (B Hydregen bonding
berween layers permits several
layers to bond 1ogether to form a
complete micelle.
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layers can now join by hydrogen bonding—the hydroxyl groups of one layer boned to
the oxvgen atoms of another, Hydrogen bonds hold the layers in the clay crystal 1o-
gether tightly. One clay mineral composed of bonded 1:1 layers is kaolinite,

A second way o stack sheets is o sandwich an alumina sheet between two silica
sheets (Figure 10-6). Here the alumina octahedra replace all but two of their hvdroxyl
groups by sharing oxygen atoms with the silica sheets. This is a 2:1 structure. No
hydroxy]l groups are exposed at the surface, so lavers are not cemented by hydrogen
bonds. The bonds that hold the layers together are much looser than hydrogen bonds,
soomost 2:1 clays can “open up.”

Types of Silicate Clay

Several types of clays result from the ways in which 1:1 or 2:1 layers bond topether.

Some clays are highly charged and hold cations well; others are not. Some clays are
sticky, some are plastic, and some swell when wet. These traits are the soil consistence
factors listed in Chaprer 4.

Two important traits of silicate clays depend on how easily the layers can be sepa-
rated. IF they loosen casily, then water can enter the micelle between the layers, and
the particle will swell when wetted and shrink when dried (Figure 10-7). Such clays
are called expanding clays. If layers separate, more surlace area is exposed for adsorp-
ton of cations, Thus, clays with loosely bound layers usually hold more nutrients,
Figure 10-8 sketches the structure of several types of clays, Figure 10=9 summarizes
some characteristics of these clays.
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Flgure 10-7
Mud cracks in expanding clay.

This Vertisol swells as it wets and
shrinks a5 it dries, forming these
deep, wide cracks. ([Couwrtesy of
Gelty images)

Mica Clays

Mica clays are 2:1 clays resulting from the weathering of mica minerals. The layers
of one mica clay, ifite, are firmly bound by bridges of potassium ions, IF some potas-
siwm leaches away, then the layers can open up slightly, so illite is slightly expanding.
If all the porssivm is lost, a new clay called vermicndite forms. Vermiculite layers are
loosely bound by magnesium fons surrounded by six water molecules. Vermiculite
expands greatly when wetted.

Another way of stacking sheets
% the 220 layer, (A) Sheets ane
banded by shared oxygen
atoms, (B) Hydroxyl groups ane
nat exposed, so layers are not
jelned by hydrogen bands. They
are joined by & weaker type of
bond, allowing them to open
up ta permit entry of water and
other lons,
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Smrectites result either from weathering of feldspar or from advanced weathering of
vermiculite. They are 2:1 clays, sticky and highly expanding (Figure 10=7). Water fills
the space between the layers, so the layers are very loosely held. The bonding force is
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too slight to hold a large particle together, This means that smectite clays are formed of
very small particles. The best known smectite is montmoriflinite.

Chlorite Clays

Chiorite layers are tightly bound by a fourth clay sheet. Chlorite is often termed a 2:1:1
clay. The fourth sheet is either another alumina sheet or a sheet of magnesivm-oxygen
octahedra. This sheet binds the 2:1 layers together fairly tightly.

Kaolinite Clays

These are 1:1 clays. Hydrogen bonds bind the layers tightly, so water cannot get
between the lavers. Thus, kaolinites swell least of all the clays. They present the small-
est surface area for adsorption of soil cations. Strong bonds allow particle sizes as
large as silt, Kaolinite is highly plastic and is used for making pottery.

Oxide Clays

Oxide clays, called sesquioxides, are tiny particles of iron (Fe,00 and aluminum
oxides (AIOH), ). Oxides are common to old soils in humid tropical climates. Long
periods of weathering leach out silica and some alumina, leaving behind the oxides.
Oxide clays tend o aggregate into strong, coated, sand-sized peds that behave much
like sand, Oxide clays can form stacked sheets but do not form the crystalline struc-
ture of silicate clays. Oxide clays do not swell, are not sticky, and have limited power
o hold nutrients, Oxide clays are typical of Oxisol soils, and the red color often found
in Oxisols reflects the reddish hue of iron oxides.

Humus

Humus particles are the residues of organic matter decay, They are not crystalline and
form irregular, round shapes. They have none of the physical properties of clays, like
stickiness or plasticity. However, they have more power to adsorb nutrients than clays.
Humus is not stable; it decays over time 1o carbon dioxide,

CATION EXCHANGE

The importance of soil colloids lies in their chemical and electrostatic reactivity, Their
electrically charged surfaces are able to attract and adsorb a wide range of ions and
molecules in the soil—most importantly here, plant nutrients, but also materials like
pesticides and a variety of other arganic molecules, These activities profoundly influ-
ence soils and how we manage them.

Charged Colloids

Soil colloids usually carry 2 negative charge that attracts cations from the soil solution.

Clay particles gain a negative charge in two ways, First, some hydroxyl groups on
the broken end of a clay micelle lose their hydrogen ion (Figure 10-10) The hydrogen
ion is simply a proton, so this leaves a charge imbalance, The remaining oxygen, there-
fore, has a negative charge, and a negative electrical charge is acquired by the surface,
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=R - Ot HO: o of 8 hydragen ien (proten) from a

hydrowyl group on the surface of a clay
micelle leaves the oxygen with a nega-
tive charge that can attract cations from
the soll solution,

The second process is isomorphous substitution. One cation can replace another
cation of similar size in a clay sheet. For instance, aluminum (Al**} can replace a silicon
atom (5i*%) in a silica layer. While the cation fits, it has a smaller positive charge. This
leaves a “spot” im the crystal that is short of positive charges. These spots acguire @
negative charge,

Because a clay crystal contains many of these negative “spots,” the entire particle main-
1ains a negative charge, The minus charge creates an electrostatic attraction for positively
charged cations, so the micelle is surrounded by a swarm of cations adsorbed 1o the sur-
face of the clay particle. The minus and plus charges balance, for a net zero charge.

In actuality, the two pools of adsorbed ions and those in the bulk soil solution, as
pictured in Figure 10=3, are not so distinctly differem. Near the clay or humus par-
ticle, the cloud of jons is dominated by positively charged ones, of a number that bal-
ances the charge of the colloid. These are adsorbed. As the distance from the colloid
increases, the number of anions climbs and the number of cations falls, until a dis-
tance is reached where cations and anions balance each other and thar is the bulk
soil solution of Figure 10-3. lons can move through this distance, and an equilibrium
exists that tries 1o maintain a constant level of a given cation in the soil salution.

Clays differ in the number of sites for negative charges, so their ahility to retain
cations also differs:

* Kaolinite has a small negative charge, because little isomorphic substitu-
tion occurs. The only exchange sites are from hydroxyl groups on the
broken ends of a clay micelle.

+ Smectites have many negative sites because magnesium ions (Mg**)
substitute for some aluminum (AL in the alumina sheets. In addition,
cations can adsorb on sites between the 2:1 layers,

* Vermiculite has an even greater negative charge, because about one in
four silicon aoms is replaced by aluminum. Being a swelling clay, some
cations can be retained between the 2:1 layers.

* Illite has the same substitutions as vermiculite. However, because the lay-
ors are held wgether by potassium, few cations can be held between the
layers. Thus, illite holds fewer cations than vermiculite,

* Sesquioxides have very little negative charge, except for a few hydroxyl
groups on the surface,

* Humus has numerous sites, Many organic compounds found in humus
have hydroxyl groups as par of their structure, These groups can
lose a hydrogen 1o form negative spots over much of the humus
particle surface,
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Cation Exchange
The negatively charged surface of soil colloids plays a key role in the way nutrients
behave in soil. Because the tiny particle bears a negative charge, it attracts positively
charged ions as a swarm of cations near its surface, The attraction is strong enough
to prevent cations from leaching in downward moving water but not so strong as to
prevent their use by plants.

Figure 10-11 shows that cations can move on and off the particles, generally main-
taining an equilibrium between adsorbed jons and those in the bulk soil solution.
When one ion leaves, it is replaced by some other cation, We call replacement of one
ion for another cation exchange. Cations that can be replaced on exchange sites are
said to be exchangeable, such as exchangeable potassium,

The ability of a soil 1o hold nutrients relates to the number of cations it can attract
to sofl colloids. This value, determined by the amount of clay, the type of clay, and
the amount of humus, is measured by cation exchange capacity (CEC) measured in
centimoles of charge per kilogram of dry soil (emol/kg). It may also be expressed as
milligram equivalents per 100 grams of soil (me/100g). The numbers are the same in
both systems.

Figure 10-12 lists CEC values for several clays, humus, and soil textures. Note that
humus has 2 much higher CEC than clay. However, clay usually adds more CEC to a
soil than does humus, because there is so much more clay than humus in most soils.
Organic soils, which are mostly organic matter, are an exception. Sandy soils, low in
clay, may also gain a large portion of their exchange capacity from humus.

CEC of colloids whose negative charge depends largely on surface hydroxyl (OH™)
groups—oxide clays and humus—is said to be pH dependent.

=]
=]

The colloid surface s negatively
charged, so it adsorbs cations.
Cations are exchangeable in that
if one leaves, anather takes its
place, (Note: The semicircles used
e represent exchange sites are
far illustration ankye)
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Hurnus
Vermiculite
Montmorillinite
Ilite

Kaolinite
Sesquioxides

Climate

Clay loam 30

Silt loam 27

Loam 24

Sandy loam 17 Sample CEC of several colloids and
solls. An individual soll will vary

Loy Sind s from these values.

Soil pH is discussed fully in Chapter 11; simply stated, the higher the soil pH, the
greater the concentration of hydroxyl ions in the soil solution. Examine Figure 10-10. IF
the concentration of hydroxyl ions in the soil is high, then the reaction pictured in that
figure is driven to the right (see the discussion of chemical reactions in Appendix 1if
necessary), and the number of cation exchange sites increases. Therefore, the higher
the pH, the larger the pH-dependemt CEC.

Cation Behavior at the Exchange Sites

Cations cluster most densely near the micelle surface, neutralizing negative charge.
Cations can move on the micelle and trade places or exchange with cations in solu-
tion. Several factors control the selection of cations that leave the micelle or become
adsorbed. Two important factors are (1) relative bonding strength of each cation and
{2y number of each type of cation.

If two cations are present in the =oil in equal numbers, then the one that bonds
most tightly to exchange sites will tend to be found on the micelle. The most strongly
adsorbed cation is aluminum, followed in decreasing order by:

Al*s>H »>Ca?*>Mg¥»K = NH" >Na“

Assume that a soil has cqual numbers of calcium and sodium (Ma) jons. Calcium
tends o dominate exchange sites because it adsorbs more strongly on the micelle.
Sodium tends 1o leach out of the soil solution.

The second controlling factor is mass action. Mass action means that the greater the
number of an ion in the soil, the more exchange sites it will occupy, As an example, in
high lime (ealeium carbonate) soils, most exchange sites are occupicd by caleium. Mass
action is a function of chemical equilibrium. Study the description of equilibrium in
Appendix 1 for further explanation.
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9 At anion exchange sites, a hydrexyl group
on the surface picks up an extra hydregen
len (praton). The site now has a net pasi-
tivie charge that can attract anions, This is
rrast likely in acidic soils.

O—H + H* — 3l 0

Consider treatment of high-sodium soils with gypsum (calcium sulfate). In a high-
sodium soil, many exchange sites are taken up by sodium (more than 15 percent).
When pgypsum is added, calcivm displaces sodium on the exchange sites. Displaced
sodium enters the soil solution and is leached away by heavy watering. Calcium
replaces sodium on the exchange sites by means of mass action (there are many cal-
cium ions in solution) and because calcium is adsorbed more strongly than sodium.

Cations that are weakly held, in direct contact with the soil solution, are exchanged
fairly easily. These are termed exchangeable cations. Some are held very tightly against
the colloid or may be trapped between layers of a clay micelle, These do not normally
pass into solution easily and are said to be nonexchangeable ions. Even these may be
given up slowly if the surrounding solution becomes very low in those ions.

Anion Storage

Several nutrients are available to plants as negatively charged ions, or anions (refer to
Figure 10-1). The negative charge means that an anion is repelled from a cation ex-
change site. While these elements, like sulfur, are to a large degree stored as organic
forms in humus, an anion exchange process stores small amounts of some anions.

Anion exchange sites are the opposite of the cation exchange sites, where hydrogen
is lost from a hydroxyl group. At an anion exchange site, an extra hydrogen joins the
hydroxyl group to produce a net positive charge (Figure 10=13). The positive charge
can then attract anions. For most soils, anion exchange capacities are quite low. Typical
values are a few tenths of a milliequivalent per 100 grams of soil. Anion exchange is
greatest in acid soils high in oxide clays.

Applications of the CEC

How prowers use soil is strongly influenced by CEC, High CEC soils, measuring
between 11 and 50 units, usually contain a lot of clay. Low CEC soils, measuring below
11 units, usually have a high sand content. Sticky soils are high in the types of clay
having the highest CEC, Thus, CEC is reflected in physical properties of soil, such as
exture and consistence.

CEC is one of the factors that determines how much herbicide should be spread on
the soil. Colloids adsorb pesticides as well as nutrients; therefore, clay and humus tend
to tie up many chemicals. As a result, we often have to apply higher chemical rates to
high CEC, clayey soils than to low CEC, sandy soils.

The amount of lime needed 1o change soil pH is also a function of the CEC. In
the process of liming soil, calcium displaces hydrogen on cation exchange sites. The
more exchange sites in the soil, the more lime is needed. Therefore, growers apply
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much more lime o correct acidity of fine-textured soils than they do to correct coarse-
textured soils.

CEC influences fertilization practices. High CEC soils have greater potential o hold
cationic nutrients than low CEC media, 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. Golf course managers with all-sand
preens fertilize lightly often. Greenhouse growers using soilless mixes with low CEC
may fertilize lightly with every watering.

The concept of cation exchange suggests that it is easier to improve the CEC of a
sandy soil by improving the organic matter content than by adding clay. In temperate
humid climates, most clays are kaolinite (CEC = 3=15 emol/kg) and illite (CEC = 25-40
cmol/kg) In 3 soil composed of these clays, each percentage clay in the soil adds
between 0,03 and 0.5 cmol per kilogram 1o the CEC of the soil. In contrast, cach per-
centage of humus adds between one and three full emol per kilogram. Far less organic
matter is required, compared to clay, to raise the exchange capacity of the soil.

Percent Base Saturation

Soil fertility is influenced not only by CEC (how many cations it can store) but also
by how much of the CEC is actually filled with plant nutrients. Exchange sites may
be filled by members of two groups of cations, One group consists of hydrogen and
aluminum, which are not plant nutrients at all. Their primary contribution is to acidify
the soil, The other cations are called exchangeable bases and include elements such
as calcium, magnesium, potassivm, and sodivm. Except for sodium, the bases are
plant nutrients.

The percentage of the cation exchange sites filled with exchangeable bases is called
the base saturation, It expresses how much of the soil's “potential fertility,” the CEC,
holds exchangeable bases. For example, if the total CEC of a soil is 10 cmol per kilo-
gram and bases eccupy 6 of the 10, then the base saturation percentage is 60 percent,
Most crops grow best at a base saturation of 80 percent or more. These crops require
a goeod supply of nutrients. Some trees that grow on infertile soils do well at a base
saturation of around 50 percent.

NUTRIENT UPTAKE

This chapter has already noted two factors that affect soil fertility: (1) the amount
of storage capacity of a soil (CEC), (2) how much of that storage actually contains
nuirients (percent base saturation). A third fertility factor is how easily roots take up
nutrients. How do plants take up nutrients from the soil?

Plams absorb nutrients as the ions listed in Figure 10-1. Nutrient absorption means
that nutrient ions cross cell membranes of root cells and eventually move o the root's
vascular system 1o be delivered 1o the rest of the plant. In some situations, some nutri-
ents may be passively absorbed with water entering roots, but otherwise a more active
process is required. In fact, roots may have a concentration of some nutrients hundreds
of times that of the soil solution. For nutrients to passively “soak in” against such a gra-
dient would be like water running uphill. Roots actively transport nutrient ions through
root cell membranes, an active process that uses energy. Because roots produce energy
by respiration, conditions that limit root cell respiration, like a waterlogged soil, also
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limit mutrient uptake. In addition, the active transport of ions across a cell membrane
allows some selection—the root can take up some elements more than others.

The soil solution surrounds roots growing through soil pores. Root hairs get ions
directly from the soil solution through their own form of cation and anion exchange. If a
cation is removed from solution, the root gives up a hydrogen ion (H*) to replace it in the
soil solution (Figure 10-14). If an anion is absorbed from solution, the root gives up an
anion o replace it. The exchange maintains electrical balance in the root and in the soil.

Plants take exchangeable bases from solution and replace them with hydrogen fons.
Beoause hyvdrogen forms stronger bonds on the exchange sites, they replace other cat-
ions on the exchange sites (Figure 10=14). This exchange renews nutrient cations in so-
lution, allowing plants to continue to draw nutrients from the soil. Over time, however,
the exchange increases the number of hydrogen ions bonded 1o exchange sites and
lowers percent base saturation.

When growers fertilize and lime soil, they are reversing the loss of nutrient cations, If,
for example, potassium fertilizer is supplied in the form of potassium chloride, potas-
sium replaces some other cations, including hydrogen, by mass action (Figure 10-15).

Figure 10-14 raises a guestion about nutrient uptake. Near roots nutrient should
be depleted. How dees the root continue to obtain nutrients? Remember, plant roots
only absorb nutrients that are in solution at the root surface. Roots continue to grow
through the soil mass to find new supplies of nutrients. This growth is especially
important because roots most effectively take up nutrients near root tips, where the
root hairs are, while older root tissue forms barriers to absorption. New root tips must
be constantly formed for efficient nutrient uptake. These absorbing roots access nutri-
ents by means of root interception, mass flow, and diffusion.

Root interception results directly from the extension of root systems. As new roos
grow, they displace a volume of soil that contains nutrients; those nutrients are at the
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supply plant nutrients.

fungi damage the ability of roots to take up nutrients, while mycorrhizal infections
improve nutrient uptake. Some rhizosphere microbes can make nutrients more avail-
able. Insects, on the other hand, may feed on plant roots.

Figure 10-16 summarizes the factors affecting soil fertility and nutrient uptake.

SUMMARY

For normal growth, most plants reguire seventeen
essential elements, Carbon, oxygen, and hydrogen come
from air and water, while the other 14 elements are
absorbed by plants from the soil, Crops take up primary
and secondary nutrients in large amounts; trace ele-
ments are needed in small amounts.

Four pools of nutrients work together 1o both store
and release nutrients to plants. These are soil minerals,
organic matter, soil solution, and adsorption by clay
and humus. The ability of colloids 1o adsorb nutrients
is based on their large surface area and on a negative
surface charge. This ability is measured by CEG. Percent
hase saturation is the percemage of the exchange capac-
ity filled with exchangeable bases,

REVIEW

1. What do vou think would be the effect on nutrient
uptake of removing all the leaves from a plam?

2. MName four soil conditions that inhibit nutrient
uptake and describe why they do so.

Flants absorb nuirients by transporting ions into root
cells. Uptake uses energy. To find new nutrient supplies,
rools grow through the soil. In addition, nutrients flow
either with or through soil water toward roots, Extreme
soil conditions, including soil that is too dry, too wet,
too cold, or badly compacted, impair the ability of roots
ter absorb nutrients.

Mutrient uptake is aided by a deep, well-drained soil,
Several farming practices can improve soil fertility.
Artificial drainage helps if a soil is poorly drained.
Avoiding compaction or subsoiling already compacted
soils is useful. Organic matter additions improve CEC
and provide nutrients, Organic matter also keeps soil
loose to enable sufficient oxygen 1o be supplied 1o
roots, Proper fertilization also improves soil fertility.

3. Discuss how we classify the 17 essential elements
and the reasons behind each class,

4. Discuss the four primary pools of essential
clements in the soil. Pick one of them and describe
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possible consequences if that pool were to sud- per kilogram, The rest is silt, sand, and coarse
denly disappear, fragments. What is the CEC contribution of each
component, and what is the total CEC of this soil?
What does this say about the importance of organic
matter in sandy soils?

3. Why might two soils with identical percentages clay
have different cation exchange capacities? Explain
YOUr AnNsSWwer,

9. Describe the basic structure of stlicate clays, and

6. At ivee snt, where in the soil (in what
e R e i explain the difference between expanding clays

poeol) are the nutrients a plant is actively taking up?

How about the nutrients they will take up a in few sndigthiers,
hours from the present? How about some time in 10. Explain why kaclinite has a lower CEC than
the more distant future? do smectites.

7. What sorts of nutrients, in their ionic form, will 1L. Using information from this chapter, explain why
be nearest to soil colloid particles? What sorts far- tropical soils are often less fertile than temperate
ther away? climate soils.

5 A mathematical challenge: The CEC of a soil is 12. Several problems with vegetable and fruit crops
simply the sum of its components. Assume we have are caused by calcium shortages in the developing
a loamy sand soil that is 5 percent montmorilliniee cdible part, and they tend o happen as the soil
clay, with a CEC of 80 cmol per kilogram, and is dries. Why might soil drying contribute to
3 percent organic matter with a CEC of 200 emol such problems?

ENRICHMENT ACTIVITIES |

1. Using molecular model kits, construct models of silica tetrahedra and alumina octahedra. Then try to construct
a portion of a clay layer.

2, Examine granules of horticultural vermiculite. Note that it is made of expanded mica sheets, and that it can
soak up water between the sheets, Physically and chemically, the granule resembles the structure of a vermicu-
lite micelle.

3. Gentian violet is a positive dye, and eosin is a negative dye. Prepare a water solution of each dye. Pour each
solution into a pot of soil until water begins to drain from the bottom. Collect the drainage water, Which dye
passed through the soil? Why? Try this on both—a very sandy soil and a finer-textured soil to see whether there
is a difference.

4. This little test can demonstrate dissolution and precipitation of nutrients. Mix a litle silver nitrate {used in
photo processing) in distilled or deionized water, It will dissolve, like nutrients in solid form dissolving in soil
water. Also mix a bit of table salt into some other distilled water. Now mix the two solutions together. The white
material that results is silver chloride, which is not soluble in water. This process is called precipitation, and
the white solid is the precipitate. In the soil, chemical reactions that have the same effect can occur, tying up
nutrients like phosphorus or iron in insoluble forms. Do not allow silver nitrate to come into contact with your
skin or eyes; it is best o wear appropriate gloves and googles, For more safety information, browse the Web for
“silver nitrate safety,”

5. For more details on clay mineralogy, try this Web site: <http/mineral.galleries.com/minerals
Ssilicatesclays. humil>,

6. For a nice simple summary of fctors affecting nutrient uptake, as it relates to fertilizer use, see this Web site:
<httpedfwwnextvtedufdepartmentsfenvirohort/factsheets2/fectilizer/jung89pri himls,
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SOIL pH

Soil reaction describes acidity or alkalinity of a soil. Soil users are concerned about
soil reaction because it strongly affects plant growth, Reaction is measured by the pH
scale, as shown in Figure 11-1, which gives sample pH values for common substances.
The scale runs from a pH of 0 to a pH of 14.0. Readings between 0 and 7.0 are said to
be acid. A pH of 1.0 is extremely acidic and a pH of 6.0 is slightly acidic. Examples of
acid materials include vinegar, tomato juice, and lemon juice. These acid foods have a
sour taste.

Readings between 7 and 14 are alkaline or basic.The larger the number, the stronger
the base. Soap is slightly basic, while household ammonia, with a pH of 11, is strongly
basic. Bases, or alkaline substances, taste biter.

The midpoint of the scale, pH 7.0, is the neutral peint, which is neither acid nor
base, Pure water, which has a neutral pH, can be a model in our discussion of pH.
A very small number of water molecules break up to form a cation and an anion, as
shown in reaction (a):

@ HO0 — H' + OH
water hydrogen ion hydroxylion

The cation in the reaction is the hydrogen ion (H*). It makes a solution acid. The
anion is the hydraxyl ion (OH-). [t makes a solution basic. Tn pure water, the number of

Soll Reaction pPH Scale Common Solution
=0
- 1 Hydrochloric acid
= 2 Lamaons
B Vinegar
' ~ 3

Lowast pH for

most mineral soils — 4 Tomaloes

Extromaly acid B d

\ary strangly nckd - 5 Boric acid

Sirongly acid i

Moderataly sid - & :

Slightly ackd - Milk

Mewtal - 7 MEUTRAL

Shghtly alkaling L

Moderately alkaling 5 Saa water

Strongly alkaline i

Very s alkgline B R Bicarbonate of soda
— 10 Milk of Magnesia

HighestpHior ... .. o _

mask mingral soils = 11 Amrmonia
- Figure 11-1
B 12 The pH scale runs fram O (most acid)
- 13 Lye to 14.0 (most alkaline). The pH values
- for several commen substances are
— 14 shown, Mate 50l pH extends from

about 3.5 to 10,5,
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Soil pH and Salinity

OBJECTIVES

After completing this chapter, you should be able to:
- describe soil pH and its development
- describe how pH affects plant growth
- tell how to lime or acidify soil
- perform lime calculations
- describe saline and sodic soils
» describe methods to treat and manage saline and sodic soils

Each workday your author passes down a street lined with pin oaks as
Boulevard trecs. Some are green and healthy, some others are a bit stunted
and pale green, while still others are severely stunted with considerable
dicback and yellow leaves, The leaves in Figure 10-2 were plucked from
those trees. What is the problem with these trees, a problem shared with
many pin oaks planted in this midwestern city? The problem is one of pH,
a fundamental soil chemical property that is the main topic of this chapter
and a problem faced by many growers, landscapers, and gardeners around
the nation.

There have always been a host of problems faced by humans tilling the
sail, such as improper pH, crosion, or loss of organic matter and nutrients.
Bt one of the most serious and persistent over the history of agriculture,
in so many of the drier regions of the waorld where human civilizations
have arisen, has been salinity, Soil salinity, introduced in earlier chapters,
is the second topic of this chapter.

Readers should review the discossions of salis, acids, and bases in
Appendix 1 before beginning this chapter.
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SOIL pH

Soil reaction describes acidity or alkalinity of a soil. Soil users are concerned about
soil reaction because it strongly affects plant growth. Reaction is measured by the pH
scale, as shown in Figure 11-1, which gives sample pH values for common substances.
The scale runs from a pH of 0 to a pH of 14.0. Readings between 0 and 7.0 are said 1o
be acid. A pH of 1.0 is extremely acidic and a pH of 6.0 is slightly acidic. Examples of
acid materials include vinegar, tomato juice, and lemon juice. These acid foods have a

sOur psie

Readings between 7 and 14 are alkaline or basic.The larger the number, the stronger
the base. Soap is slightly basic, while household ammonia, with a pH of 11, is strongly
hasic. Bases, or alkaline substances, 1aste bitter.

The midpoint of the scale, pH 7.0, is the neutral point, which is neither acid nor
Base, Pure water, which has a neutral pH, can be a model in our discussion of pH.
A very small number of water molecules break up to form a cation and an anion, as
shown in reaction (e:

@ H,0 T— H 4 OH
water hydregen ion hydroxyl ion

The cation in the reaction is the hydrogen ion (H')L It makes a solution acid. The
anion is the hydroxyl ion (OH7). [t makes a solution basic, In pure water, the number of

Soll Reaction pH Scale Commean Solution

=0
=1 Hydrochlonc achd
-3 Lamans
I Viregar
=3

Leovwonat pH for A

most minesal solts = 4 Tormaloes

Extrormaoly acid I i

Vary sirongly acid =5 Boric acid

Strongly acid I

Mooarabely acid -6

Saghtly acid : Milk

Neutral = 7 WEUTRAL

Shghtly alkaling L

Moderately alkaline g Saa water

Sirongly alkalino |

Viery strongly alkaling L.g Bicarbonale.of soda
- 10 Milk of Magnesia

HighostpHior ... o

most minaral sods - 11 Amimonia
b l-|1_r'|_|:-' 11=1
- 12 The pH scale runs from O (maost acid)
r,_ 13 Lye 1o 14,0 {most alkaline). The pH values
L for several common substances are
- 14 shown, Maote soll pH extends from

about 3.5 10 10U5,



bl

Chapter 11

hvdrogen ions equals the number of hydroxyl ions, to maintain 2 balance. Thus, pure
water is neither acid nor base. However, substances dissolved in water may change the
balance, causing one ion 10 cutnumber the other,

For instance, if pure water is exposed to air, carbon dioxide from the atmosphere
dissolves in the water to form carbonic acid. Some portion of carbonic acid, a weak
acid, quickly breaks down to liberate hydrogen ions (&)

) €O, + H,0 = H,CO, = HCO; + H'

Now there is an excess of hydrogen ions, so this dilute solution is acidic. Water in
equilibrium with air has a pH of about 5.6. In fact, rainfall itself is acidic even without
air pollution that creates even lower pH “acid rain.”

The pH scale indicates how acidic or basic a solution is by giving the concentration
of hydrogen ions. The pH scale is a special scale for expressing hydropen ion concen-
tration as one over the log of the hydrogen ion concentration (1/log [H*]). The smaller
the aumber on the pH scale, the stronger the acidity of a substance. Each pbl point
multiplies acidity by a factor of 10. A pH of 5.0 is 10 times more acid than pH 6.0 and
100 times more acid than pH 7.0,

e e
The Math and Chemistry of pH

More precisely, pH is the negative logarithmic value of hydrogen ion concentration
in moles per liter. In the term pH “p” stands for negative log and "H” stands for
hydrogen ion concentration., For more information about molar concentrations and
the math of logarithms, the author refers the reader to other resources available on
the Internet ar in such books as Chemistry for Dummies or the text mentioned in the
Enrichment Activities section.

The balance between hydrogen and hydroxyl ions dictates pH. Soil with far more
hydrogen ions than hydroxyl ions is very acid. With only a few more hydrogen ions, it
is slightly acid. On the basic or alkaline side of the scale, the reverse is true.

DEVELOPMENT OF SOIL pH

Soil does not reach the extreme pH limits shown in Figure 11-1—the most acid soil has
about a pH 3.5 and the most basic soil is pH 10.5, These are extreme values., Growers
more commonly find that soil ranges between pH values of 5.0 and 8.0,

Soil pH results from the imeraction of soil minerals, ions in solution, and cation
exchange. In the simplest terms, high pH is caused by the reaction of water and basic
compounds of calcium, magnesium, and sodium to form hydroxide ions. Low pH
is caused by the percolation of mildly acidic water, which neutralizes the bases and
replaces the base cations on the cation-exchange complex with hydrogen ions. To
understand the full range of soil pH, it is caslest to stare with alkaline soil,

Very basic soils (pH greater than §.0) are more than 100 percent base-saturated,
that is, not only are all exchange sites filled with base cations, but the soil contains
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free particles of mineral carbonates (C0,) such as calcium carbonate, or lime (CaCO,).
The pH of very alkaline soils results from reactions of carbonates with water to form
hydroxyl ions, according to reactions (&) and &)

fe)  €aCO, + 2H,0 — Ca*? + H,CO, + 20H"

{d)  Na,CO,+ 2H,0 — 2Na* + H,CO, + 20H"

This reaction with water is called hydrolysis, It is important to note that carbonate
acts as the base (see Appendix 1 for a definition of acids and bases), not calcium, in
spite of the confusing terminology of calling calcium a base cation. The hydrolysis of
calcium carbonate in reaction (¢} results in a pH range of about 8.0-8.5. Soils in this
range, which are 100 percent base-saturated and contain enough free calcium carbon-
ane, are called calcareows soils. Calcareous soils can be tested with dilute hydrochloric
acid—they fizz from carbon dioxide given off by reaction with lime. They result from
soils whose parent materials are high in lime.

If the sodium saturation of a soil exceeds 15 percent, then reaction (4) produces
Iye, which can raise pH to 10.0. Such soils are termed sodic, to be covered later in
the chapeer,

Soils tend to be alkaline in climates where annual precipitation tends to be lower
than annual evapotranspiration, generally where rainfall is less than 20 inches per
year. In wetter climates, mildly acidic water comtaining hydrogen ions (whose sources
will be discussed shortly) creates a process of soil acidification. Weathering and leach-
ing removes the excess free basic minerals, such as lime. When these minerals reach
a low level, soil ceases to be calcareous. This occurs at a pH of about 8.0, though it
varies for different soils. At this point, pH begins to be controlled by continuing accu-
mulation of hydrogen ions and exchange processes,

Hydrogen ion inputs continee over time, and cation exchange allows them to
accumulate in the soil on the cation-exchange complex. Base cations such as calcium
are displaced in the process, to be taken up by plants or leached out of the soil. Each
lost base cation is replaced by a hydrogen ion. As more cation exchange sites become
occupied by hydrogen ions, they become a source of hydrogen ions for the soil solu-
tion, reaction (¢). Soil pH is determined by the size of this hydrogen ion contribution to
the soil solution, over a range of slightly acid to slightly alkaline soil.

fe)  [micelle}—H"+H" + micelle [micelle}—

When pH declines o about 6.0, aluminum begins to leave the structure of
silicate clays. Aluminum ions react in several steps with water to form hydrogen ions
and aluminum hydroxide compounds. The reactions are summarized in reactions

/) and (g):

0 [elieh-A" A + [ie}-

lgh  AI'* 4+ 2H,0 — ANOHE' + 2H*
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pH Ranige ) nining Reactic Saturation

8.5-10.0 Ma,C0, hydralysis 100 percent base saturation, sodium saturation
more than 15 percent (sadic soil)

70-8.5 CalO, hydralysis 100 percent base saturation (calcareaus soil)

55-70 Hydrogen exchange Base saturation below 100 percent, some
hydrogen saturation

<5.5 Aluminum hydrolysis Low base saturation, may be high Al saturation

Aluminum hydrolysis can lower soil pH to about 4.0, This is the most acidic the
majority of upland soils become, Figure 11-2 summarizes the pH ranges and associ-
ated conditions.

Causes of Acidity

Relatively voung soils—those not exposed o long periods of weathering and leach-
ing—share the pH of their parent maerials. Acidic parent materials include granite,
sandstone, and shale. These materials are common in New England, the Great Lakes,
and the Appalachian states. The soils of many states, including many in the Great
Plains and some near the Great Lakes, developed from caleareous parent materials like
limesione. When voung. these soils tend 1o be neutral 1o alkaline.

The pH of older soils is controlled by the percolation (or lack of percolation) of acidic
water. This percolating water leaches away bases and replaces them on the exchange
sites with hydrogen and aluminum ions, reaction ().

(h) Ca-=+11-|'—>::+c:a-=

Figure 11-3 portrays this reaction graphically. This type of percolation occurs in
humid climates, where precipitation exceeds evapotranspiration. In a humid climate,
net movement of warter over the course of a year is downward, leaching out bases. In
semiarid or arid zones, net water movement is upward, since water is being pulled out of
the root zone by evaporation or transpiration, With little or no percolation, soils of dry
regions tend not to become acidic. They may even become quite alkaline from calcivm
or sodium being carried upward into the root zone by capillary movement. Figure 11-4
shows that leaching has the greatest effect on the soils of the eastern half of the United
States and the Pacific Northwest, though higher pH soils still appear on limey soils.

A number of processes produce the hydrogen ions that make soil more acidic, Some
processes occur naturally, and others result from human activities. A major natural
process that contributes to soil acidity i3 the reaction of carbon dioxide with water 1o
produce the weak acid carbonic acid, which breaks down o produce hydrogen ions
and bicarbonate, as in reaction i):

) €O, + H0 -+ H,CO, — HCO, + H"

Rainfall 15 a dilute solution of carbonic acid, since carbron dioxide in the atmosphere
dissolves in droplets of water in the air, Reaction () also ocours in the soil as the
respiration of plamt roos and other soil organisms puts carbon dioxide into contact



—_ - — 50l pH and Salinity

Percolation of acidic water
causes hydrogen ions to replace
exchangeable bases on colloids.
The calcium and magnesium
thus replaced can leach away.

Soll acidity Is greatest where
average annual precipitation

is greater than average annual
evapotranspiration, so there is
potential for leaching. Where
there i a net evaporative loss,
soils tend 1o be alkaline. (Second
National Water Assessment, 1975,
Appendix C-1, Nationwide Analysis)

Precipitation exceads
evaporation

D el evaporalive loss area

with soil water. As a consequence, plant growth and the decay of organic matter
are acidifying.

Plants acidify soils in two additional ways. First, when roots take up cation nutrients
such as potassium, they “give back” an equivalent number of hydrogen ions (Figure 10-14),
Second, growers take calcium and magnesium with each crop harvested. For example,
every ton of alfalfa hay is a loss from the soil of 30 pounds of calcium and 8§ pounds of
magnesium. Each atom of a basic action removed in cropping is replaced by a hydro-
gen ion, speeding soil acidification,

Nitrification alse contributes hydrogen ions to the soil. When nitrifying bacteria oxi-
dize ammonium ions (WH]), it results in hydrogen ions:

() NH]+20,— NO; + H,0 + 2H"

This reaction is a natural contribution to acidity from normal nitrogen cycling and
decay of organic matter (Chapter 6). Man-made contributions include common fertil.
izers that contain ammonium nitrogen, like anhydrous ammonia, so farm fertilization
itself drives down pH over time.
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Other sources also contribute hydrogen ions to the soil. Some products of decay are
weak organic acids, and soil organisms contribute weak organic acids to the soil as
well. There are also a number of redox and other reactions in the soil involving ele-
ments such as iron, alominum, sulfur, and others that generate hydrogen ions, beyond
the scope of this text.

To summarize, soil acidification results over time from biological activity such as decay
and nitrification, from leaching in humid regions, and from presence everywhere of
carbonic acid in rainfall and from respiration in the soil. These processes are slowed in
dry regions and in soils whose parent materials contain high levels of basic cations.

EFFECTS OF pH ON PLANTS

Each crop grows best in a specific pH range. The pH ranges for a selection of crops
are shown in Figure 11=5, and Appendix 5 lists pH preferences of selected trees. Most
plants growing on mineral soils do well at a pH range of 6,0-7.0, For organic soils,
most crops prefer a pH of 55-6.5. An exception is a group of acid-loving plants that

40 50 60 70 B0 90 #——pH ———» 4.0 50 60 7.0 8.0 9.0

Field Crops Vegetables
Cowpea Fotato |
Comten [T Cabbage [
Peanu Ej Carrals l ]
Cals, rye [ Caulifiower | |
Tomalo,
Soybean r laflluce I
Coen, hium,
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Fruits and
Forage Crops Ornamentals
Alsike elover Blueberry T
Velch 1] Azalea CE]
FRed clover,
sudan | Strawbarry | |
Timoihy Pin oak ]
While clover Apple |
Swaet clover | Japanese yow
Allaka [ Sugar mapla
Black walnul
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includes mostly woody plants such as blueberry and azaleas and many evergreens.
Alfalfa is one of the few crops that prefer a slightly basic soil.

Except at pH extremes, the actual number of hydrogen or hydroxyl ions does not
seem to be the main factor in plant growth. Rather, several soil conditions related to
pH are more important to plants, These include (1) the effect of pH on nutrient avail-
ability, (2) the buildep of toxic levels of aluminum or other metals, and (3) effects on
soil microbes, Which factor has the greatest effect on limiting crop growth varies from
sail to soil and from crop to crop.

Effect of pH on Nutrient Availability

Many saoil elements change form as a result of reactions in the soil. These reactions,
controlled by pH, alter the solubility, and therefore the availability, of nutrients. A good
example is phosphorus, which gets tied up with aluminum and iron at low pH, and
with calcium at high pH. Therefore, phosphorus is most available to plants at near-
newtral pk.

Figure 11-6 shows the availability of nutrients at different pH levels. Note that the
major nutrients and molybdenum are most available in near-newtral or higher pH soil,
The other trace elements are more available in acid soil. Mote that pH in the range of
6.0-7.0 i a good average level for all nuirients. This range is also the best pH range for
most Crops.

pH 40 5.0 6.0 7.0 8.0 a0 10.0
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Figure 11-7 illustrates the effect of pH on mutrient availability, The beaker on the left
shows iron sulfate dissolved in acidic water. The colored solution is clear, showing the
material dissolved successfully. In the soil, iron would be available to roots. In the bea-
ker on the right. a base was added until the solution became alkaline. Iron precipitated
out as insoluble iron hydroxides, forming a cloudy suspension. When this happens in
the sail, iron deficiencies result, as in Figure 10-2.

Soils thar cannot supply enough of a nutrient may actually contain the element, but
the nutrient is tied up because of acid or alkaline soil. Figure 10-2 showed an oak leaf
deficient in iron; the deficiency resulted from growing on an alkaline soil.

pH and Element Toxicity

At low pH, particularly below 5.5, alominum and manganese, or even iron, can reach toxic
leviels in the soil. Aluminum actually leaves the structure of clay minerals, reaches high
concentrations in the soil solution, and occupies most of the cation exchange sites. Alu-
minum toxicity severely inhibits rool growth, especially in acidic subsails and restricts
the uptake of calcium and magnesium. Roots growing under such conditions—high
aluminum, loaw calcium—become short, stubly, and unbranched. Aluminom toxicity
also increases water stress during dry periods because of poor root growth,

Manganese problems are less common but can be equally oxic under certain condi-
tions, In the greenhouse, iron OXICIEY may ocour in Ceriain crops such as geraniums,
if the pH of the pouing mix drops oo low (Figure 11-8). Figure 11-6 shows that these
three elements become highly soluble below pH 5.5,

Aluminum toxicity ocours primarily in mincral soils of warm, humid climates,

Aluminum problems seldom appear in organic soils because these soils contain
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little aluminum. In fact, plants tolerate acid organic soils better than acid mineral soils
mainly becavse of the low aluminum level.

Low pH may also mobilize toxic heavy metals that might be in the soil such as lead
or cadmiom, allowing them to be taken up by plants or move into water supplies. pH
be necessary on contaminated soils. Chapter 19 discusses heavy metal
ation.

controls may

soil contan

pH and Soil Organisms

Soil organisms prow best in near-neutral soil, In general, acid soil inhibits the growth
of most organisms, especially bacteria and carthworms. Thus, acid soil slows many
important activities carricd on by soil microbes, including nitrogen fixation, nitrifica-
tion, and organic-matter decay. Rhizobia bacteria, for instance, thrive at near-neutral
pH and are sensitive to aluminum. A pH between 6.5 and 7.3 is generally optimum for
these beneficial activities,

LIMING SOIL

The simplest way to ensure proper pH is o choose a crop that matches the present soil
pH. Indeed, matching the crop and pH may be the only answer in Some cases—pgrows-
ers may find it impractical 1o lower the pH of calcarcous soils or to raise the pH of acid
peat soils. Tropical soils may be very difficult to adjust profitably.

In many of these situations, it is best o mise crops or select landscape plants that
tolerate the existing soil pH. Refer to Figure 11=5 and Appendix 5 for examples.

The dwarf petunia on the left

is nermal, The one an the right
was treated with too much iran
sulfare, causing iron taxicity,
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Breeders are also creating crop varieties tolerant of poor pH conditions, such as high-
pH tolerant soybeans.

The other approach is to change the soil pH to match crop necds. Many field crops
grow best in slightly acid soil. However, leaching of exchangeable bases, acid Fertiliz-
ers, and other factors may slowly make soil more acidic than is best for good growth.
Liming is practiced by growers to counteract soil acidity.

Benefits of Liming

Liming acid soils has long been an important agricultural practice. Liming improves
crop response 1o fertilizers by improving nutrient uptake, especially phosphorus,
reducing aluminum toxicity, and promoting the activities of such desirable organisms
as the Rbizebfa bacteria that fix nitrogen for legumes.

Because calcium is itself a plant nutrient, lime i3 also a fertilizer, especially for high-
calcium crops such as alfalfa. Certain limes also supply magnesium, which is impor-
tant to many acid sandy soils,

Liming Materials

We apply the term agricultural lime to ground limestone or other products made from
limestone. Lime materials are carbonates, hydroxides, and oxides of calcium or mag-
nesium, described below. While lime contains calcium, and calcium ions play a role in
raising soil pH, calcium itself does not neutralize acidity. It is the carbonate or other
base anion that neutralizes acidity when mixed into the soil. Common liming materials
include calcitic limestone, dolomitic limestone, burned lime, and hydrated lime.

Calcitic limestone is nearly pure calcite or calcium carbonate (CaCO,). It forms on the
sea floor when deposits of calcium precipitate out of solution in seawater. Limestone
depaosits, widespread in the United States, are mined and ground into agricultural lime.

Dolomitic limestene is a mixiure of calcium carbonate and magnesium carbon-
ate (CaCO, and MgCO,). Liming with dolomitic lime helps the calcium/magnesium bal-
ance in soil. Dolomite is especially helpful in sandy soils, because they often lack
sufficient magnesium.

Burned lime, or quicklime, is made by heating limestone. Heating drives off carbon
dioxide resulting in the lighter calcium oxide:

(k)  CaCO,—Ca0 + CO, (gas)

Because calcium oxide is lighter (has a lower molecular weight), a smaller weight
of it has the same effect as a larger weight of ground limestone. Burned lime also
reacts more guickly in the soil. However, the material costs more and is hard o handle,
Burned lime is caustic and may cake during storage. Burned lime can be used where
fast action is needed but is not usually recommended.

Hydrated lime, or slaked lime, is produced by adding water 1o burned lime, forming
hydrated lime, or calcium hydroxide:

n Cal + H,0 — Ca(OH),

Like burned lime, hydrated lime is unpleasant and hard to handle, but fase acting.
Hydrated lime is used more often than burned lime, Because of processing steps, it is
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more expensive than regular ground lime, but it may be used where speed of reaction
is necded.

Growers may find other locally useful materials:

= Marl is a soft, chalky freshwater deposit in swamps that receive alkaline
runoff water from nearby land. Although marl is difficult to harvest and
spread, it may be useful where locally mined.

# Ground seashells, a by-product of shellfish industries, may be used in
areas where those industries thrive.

= Lime-rich by-products of several industries may also be locally available,

= Wood ashes contain oxides of calcium and other cations and can be used
with care. The ashes of charcoal and coal cannot be used for this purpose.

It should be noted that gypsum (CaS0, ) does not change soil pH, because the sulfate
ion does not accept hydrogen ions the way carbonate ions do. It is considered a newtral
salt, 80 it cannot be used as an agricultural lime. Under certain circumstances, however,
it can help relieve aluminum toxicity by improving caleium content of the sail.

How Lime Works

Lime neutralizes soil in two ways. First, the anion base (carbonate, hydroxide, oxide)
newtralizes acidity by accepting hydrogen ions from the soil solution and making them
part of water molecules. Second, calcium (or magnesium) replaces hydrogen and alumi-
num ions on exchange sites by mass action, freeing them into the soil solution, allow-
ing them to be neutralized. Let us look at a couple of examples to see how this works.

The simplest reaction is that of hydrated lime (Figure 11-9). As hydrated lime dis-
solves, it releases calcium and hydroxyl ions. Calcium replaces hydrogen and aluminum

4Ca (OH); ———— 4Ca™% + BIOHT)
()
H*

H+
g
——e e
.3 +4Ca

= Ca*? 4 2413 4 2n°

Al Ca*®
a2 = Ca*? BIOH") + BH* — 3 BH.O
& (]
s
2A1"% + GHL0 » 2AIOH)y + 6H*
i)
Fioure 11-9

Hydrated lime newtralizes sofl acidity in a sequence of reactions. When calcium hydroxide dissolves (4), calcium replaces aluminum and hydrogen

on cation exchange sktes (B). Aluminum i3 tied up by reacting with water to form inseluble aluminum hydrexide (C). Hydrogen ions released by these
reactions combine with hydroxyl lons from lime o form water (D),
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4C8 CO; ———p 4Ca"2 + 4(COyY)

H-

H v 2RI 4 2H*

-2
+ S=———ug
a 4Ca

Apd

e

2RI S BHJS — o ZAIOH] + §H*

Carbonic acid
HCOy) + s LARANEA) _ Lco,

400, + AH0

Gas  Waler
(Carbon
dioxidea)

Goes to
armasphers)

Ground limestone neutralizes soil acidity in the reactions shown. The cation exchange reactions are the same 2% Figure 119, Hydrogen ions react
with carbanate (3 base) ions to form unstable carbenic acid, which immediately breaks down to carbon dioxide and water,

on exchange sites, rclcnsing those cations to the soil solution. Aluminum ions undergeo
complete hydrolysis to form inseluble aluminum hydroxide, with release of more hvdro-
gen ions. All the hydrogen fons react with hydroxyl ions from the lime, forming water.

Caleite and dolomite act in a similar fashion, with a couple of additional steps.
Hydrogen ions resulting from the other steps react with the carbonate to form carbonic
acid, which guickly decomposes to carbon dioxide and water. Figure 11-10 shows
this process.

Other liming materials undergo similar reactions. The important thing o remember
is that calcium {(or magnesium) replaces hydrogen and aluminum on cation exchange
sites and hydrogen ions are changed to water. The speed of this overall process varies
according to the type of material. Hydrated lime dissolves guickly in the soil and reacts
quickly., Ground limestone, on the other hand, dissolves more slowly and takes more
steps to neutralize acid.

Buffering Capacity
Four factors tell the grower how much lime is required: present pH, desired pH, buff-
ering capacity of the soil, and the liming material to be used.

By testing present pH, and by knowing the correct pH for a given crop, a grower or
sail-testing laboratory can determine how much a pH should change. For example, if
alfalfa grows well at a pH of 6.5, and the present pH is 5.0, then pH must be raised ane
and a half points. Acidity of the soil solution can be measured with methods cdeseribed
in Chapter 13. However, pH by itsell does not tell how much lime 1o apply, because
it measures only the hydrogen ions in solution, not potential acidity (hydrogen and
aluminum) adsorbed on the colloids. Hydrogen ions in solution can be termed active
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pH measurements measure only concentration of active acidity jn the small bin. If
one adds enough lime o neutralize that acidity, hydrogen ions are quickly replaced
from the large bin. Thus, soil resists a pH change so long as the large bin is well stocked
with hydrogen ions. Resistance 1o a pH change is termed buffering, and the ability of
the soil 1o do so is buffering capacity. In order for pH to rise, the large bin must be
empticd of enough acidity to create a new equilibrivm at a higher pH. This works
becavse lime contains caleium to displace the hydrogen on cation exchange sites.

The greater the buffering capacity of the soil, the more lime must be applied, a sub-
ject continued below. Another effect is that if we lime the soil encugh o fill the large
bin with base cations, the soil is now buffered in the other direction, that is, for the
soil pH 1o fall, lots of hydrogen ions are needed to displace the caleium, to refill the
large bin with acidity. As a consequence, it will take longer for highly buffered soils
to become acidic again over time. One might say that well-buffered soil requires more
lime applicd less often than poorly buffered seils such as sandy soil,

The size of the large bin, or its buffering capacity, depends on cation exchange
capacity (CEC)—the larger the CEC, the more hydrogen a soil can hold, and the more
lime it needs. A soil with a CEC of 20 needs twice as much lime as a soil at the same
pH with a CEC of 10

Buffering capacity of a soil depends on the amount of clay in the soil, the type of
clay, and the amount of humus, The amount of clay can be estimated by knowing the
rextural class of a soil. Figure 11-12 suggests how much lime to apply to soils of vari-
ous textures, The type of clay modifies the effects of texture, being highest for ver-
miculite and lowest for sesquioxides. The buffering capacity is also increased by the
amount of organic matter in the soil, becaiuse humus is a particularly strong bhuffer.

The lime requirement of an acid soil depends on both pH and buffering capac-
ity. The total lime requirement can be measured cdirectly by a buffer test, for exam-
ple, measuring the reaction of soil to a pH 7.5 buffer solution. A buffer solution is a
mixture of chemicals dissolved in water that is buffered, that is, it resists a pH change.

Sand, loamy sand 25 0 ; e
LIELA AR | .

Sandy loam 5 i Amount of limestone needed to
Loain 60 85 raise pH in @ inch soil layer in
silt loam 80 105 Pounds per 1,000 square feet.

- 120 The values apply to sails
Clay loam Of nasthern and central states,
uck 200 225 (Kellogg, Soils: 1957 Handbook

T % Agiyure)
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The test does not measure actaal pH; it is a guide to the amount of lime needed o
carrect pH.

The pH of a soil sample is first measured 1o see whether liming is needed. Let us say
a zoil sample has a pH of 5.5, The laboratory technician adds pH 7.5 buffer solution o
the soil sample and measures pH of the new mixture as 6.2, This means that the acid-
ity of the soil lowered pH of the buffer solution from 7.5 to 6.2. The pH of 6.2 is called
the “buffer index.” Looking a1 a table of buffer indexes (Figure 11=13), the technician
reads the amount of lime needed 1o raise soil pH o the correct value, In this example,
the rable suggests applying 4 tons of lime per acre of mineral soil 1o bring the pH o
6.5-7.0. The result from a buffer index table will be found on a soil test report (Chapter 13)
as a lime recommendation. Nete that the caption of Figure 11-13 recommencds a spe-
cific liming material, but perhaps a different material will be used by the grower. This
means that someane has to do a series of calculations to determine the correct amount
of that lime, covered in the following discussion.

Lime products are regulated in most states by a set of laws and regulations as lime
guarantees, Each state has its own rules, so this discussion can only cover basic prin-
ciples. The vocabulary, and numbers, may vary in your state. Next we [urn (o i scries
of topics involved in lime calculations.

Lime Calculations

Buffer tests suggest lime needs of a soil based on an “averape” caleitic limestone, or
on pure calcium carbonate. However, different lime products have different capacities
1o neutralize acidity. This capacity is called total neutralizing power (TNP) or calcium
carbonate equivalent (CCE). CCE compares an agricultural lime to pure caleium car-
bonate or calcite. Two factors affect the comparison: the chemical nature of the lime
and its purity.

One melecule of calcium carbonate (CaCO,) and one molecule of calcium hydroxide
(CalOH),) each have the same neuwtralizing power, but the latter weighs less. Caleium
carbonate has a molecular weight of 100 atomic mass units, while calcium hydroxide
weighs 74, Translated imo a weight of lime, 74 pounds of pure hydrated lime has the
effect as 100 pounds of pure calcitic lime, Neutralizing power is expressed as a percent
per weight material relative to pure caleite. In this case:

100 grams

% CCE = = arams

* 100 = 135

[(Tons of Lime

Buffer pH Bneral Sonl ':'_‘.'r:_'|.:| ni

6.8 1.0 0
6.5 2.0 0
6.4 3.0 1.0 i
6.2 4.0 25 Buffer index tables, such as this simplified one,
&0 55 40 can be used 1o determine the amount of lime

: ) needed to bring a 6% inch depth of seil toa
5.8 6.5 5.0 pH berween 6.5 and 7.0 with 90 percent pure
56 caleitie lime. (Courresy of A & L Agriculture

& e Labovatorles, Inc.)
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For any pure liming material, then, the CCE is the molecular weight of calcite divided
by the molecular weight of the pure material in question, multiplied by 100 to convert
1o percent. Figure 11-14 gives CCE of several pure limes.

The second influence on newtralizing power is purity. For example, caleitic limestone
is mostly calcite. However, it also contains other materials, like silt, that have no effect
on acidity. A ground limestone that is 90 percent pure is only 90 percent as active as
pure caleite, Since calcite has a neutralizing power of 100, the power of the limestone
would be 90,

Figure 11-14 gives neutralizing values of several agricultural limes. If a lime recom-
mendation were based on 90 percent pure caleitic lime, and a grower plans to use
a different form of lime, a conversion is needed. The following problem shows how
mizch burned lime with a neutralizing power of 150 would replace 3 tons per acre of
the calcitic lime:

rate burned lime = rate calcitic lime = CLE calcitic lime

CCE burned lime
rate burned lime = 3 tons/acre -,IIB—:,-I- = 1.8 tons/acre

These two factors, CCE and purity, are usually combined into a single factor labeled
CCE or purity. Most states regulate the purity of agricultural lime to protect the cus-
tomer. These laws set chemical guarantees for the neutralizing power of lime products
offered for sale in the state. Again, these vary from state (o state and terminology and
values differ,

But wait, as late night television commercials say, there’s more! In addition to chemi-
cal purity, lime recommendations also take into account how finely ground the lime
is—the topic of our next section.

Formn of Lime y Meutralizin

Pure Substances
Calcium carbonate 100 100
Magnesium carbonate 100 ng
Hydrated lime 100 135
Burned lime 100 178

Commonly Available Forms
Calcitic limestone as a5
Dalomitic limestone 85 88
Hydrated lime a5 ns
Burmed lime a5 15
Marl - 50-70
Basic slag — &0-90
Wood ashes — 45-80
Ground seashells 85 85

Meutrakizing values for major
sources of Hme. The first four
values are for pure chemicals;
the remalining values are aver-
ages for commenly

available products.



The neutralizing efficiency

of lime depends on its grind
(particle size). Coarser grades are
compared with 100-mesh grind,
which Is here assigned a
value of 100,
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Lime Fineness

The fineness of ground lime affects how rapidly lime acts. The finer the grind, the
smaller the particle, and the greater the surface area in a ton of lime. Smaller particles
expose more surface area o the soil solution and react more quickly, Thus, finer lime
particles are more reactive than coarser ones,

Two rules result. First, finer grinds neutralize acidity more quickly. Second, it takes
less of a finer grind to achieve a given pH rise in a reasonable time than a coarser
grind. We can call this lime efficiency, and a lime recommendation has to take into
account efficiency as well as chemical purity.

While finely ground limes react rapidly and efficiemtly, they are used up rapidly as well.
For a longer lasting effect, some coarse particles are useful. Most commercially available
ag limes contain a range of size particles (o ensure a rapid and prolonged effect,

Particle size is measured by passing them through various sizes of wire mesh sieves,
ranging from 8 mesh screens 1o 100 or higher mesh screens. A mesh rating 15 the num-
ber of openings per linear inch, so an 8-mesh screen has 8 openings per inch, while a
100-mesh screen has 100 openings per inch. The larger the mesh rating, the smaller is
the particle that can pass through it

State laws specify particle sizes based on percemtages passing through a sequence
of mesh sieves, varying from state to state. In the authors home state, fineness of an
ag lime is specified as the percent passing through an 8-mesh sieve (very coarse), per-
cent passing through an 8-mesh but not a 20-mesh screen, percent passing through a
20-mesh but not a G0-mesh sieve, and the percent that passes through a 60 (fine).
Generally, particles passing through the 8-mesh sieve have little liming value, Figure 11-15
provides some efficiency comparisons of various mesh limes.

Most states regulate the grind of agricultural lime as well as its purity. These laws
specify the physical guarantee of agricultural limes. With the addition of fineness
1o chemical purity, we come to the final measurement of effectiveness of lime, the
Effective Neutralizing Power (ENFP), used to calculate actual lime application rates.

100
m —
§ m i
£ 40
o0 b= I
o I . =
100 B0-100  40-80 20-40 a-20 =8 Mesh
Small P Largs
Particle size
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Effective Neutralizing Power
ENP, or a variety of other terms ina variety of states, is the final measure of how effecti
e

a lime product is at neutralizing acidity. The way it is caleulated and used varies betw
states, but all are similar in principle. The method described here is used in Min nﬁs‘;::"'

ENP can be calculated as a percent of the effectiveness of pure caleium ——
that is ground fine to be 100 percent effective. We calculare percent

: ENP for a particu-
lar lime product with the formula:

% ENP = 9% CCE X FI X % Dry Matter,

where Fi is a fineness index. The last factor simply subtracts value for any weight that
is water, and here we will assume a completely dry product o simplify calculations.

The fineness index assigns a value to each particle size range, where particles small
enough to pass a O0-mesh screen are assumed o be completely effective and thus
assigned a value of 1, with larger particles given a smaller index value. The index val-
ues are multiplied by the percent by weight of particles in each size range, and the sum
of all these is the FI. Here, the formula for FI is

Fl = 0.2 % (% passing 8 mesh but not 20 mesh] +
0.6 * [% passing 20 mesh but not 60 mesh] +
1.0 = (9% passing 60 mesh)

Mote that particles larger than those that pass an 8-mesh screen are ignnred—:_]w';.-
have essentially zero effectiveness, Figure 11-16 puts this inte chart form and provides
numbers for a sample we can work with.

50 let us try this out. We have a dolomitic limestone product with a CCE of 88, and
all of it passes an 8-mesh screen, 10 percent lies in the 8-20 mesh range, 10 percent in
the 20-60 range, and the rest passes a 60-mesh screen, What is EMNP?

Fl = (10% = 0.2) + (10% % 0.6) -+ (80% ¢ 1.0) = B6%

ENP = 88% (CCE) x 86% (FI] = 76%

Sample 2

=8 mesh Q 100 25
§-20 mash 0.2 25 5
20-60 mesh 0.6 25 15
<60 mesh 1.0 50 50

sample total fineness index (F)  70%

Chart of fineness factors for
calculating lineness index in
Minnesota, The fiest two calumns
are the factors, the last two
represent a sample product and
the resulting caloulations. (Rehm,
G. et al., 1992, Liming Moteriols far
Minresota Soifs. Extension Bullerin
AG-F5-557A)
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In Minnesota, ENP is expressed on a lime label in pounds per ton. Some states leave
it as a percent. But in Minnesota, ENP in pounds per ton would be

EMP pounds/ton = %ENP x 2,000

ENP pounds/ton = 76% X 2,000 = 1,520 pounds/ton

This means that in 2 ton of the ime product, 1,520 is considered 1o be effective.
Mathematically speaking, we are applying not pounds of lime but pounds of EMNP

Other Lime Calculations

We are now ready to calculate a lime application rate. To do this, we necd a recom-
mendation from a soil test—one should mot lime without a soil fest—and ENP of the
product we will be using. Different states repart lime recommendations differently, and
measure ENP differently, so there are various ways of calculating application rates.

In Minnesota, lime recommendations are expressed as pounds of ENP per acre.
Thus, a soil test report might suggest applying 3,000 pounds ENP per acre. How many
tons per acre of the product above would we apply? The answer would b

: _ 3,000 lbs ENP/acre _
tons limefacre = 1530 1bs ENFlton 2.0 tons lime/acre

In other states, the recommendation might be expressed as pounds of calcium car-
bonate (assumed 100 percent effective) per acre, One then vses percentage ENP as
an adjustment. For example, if one used the above lime and the recommendation was
3,000 1bs calcium carbonate per acre, how much lime would we apply?

- 3,000 Ibs/acre _
Ibs lime/acre = Te9 100 - 3,950 Ibsfacre

Other procedures may be found in other states, Keep in mind that these recommen-

dations are for a typical plow depth. If one wants to amend soil more or less deeply,
the lime recommendation must be adjusted accordingly.

Besides calculating application rate, one might also want to compare prices for vari-
ous available lime products. In choosing a lime, one might have specific goals, like
adding magnesium to the soil (dolomitic lime) or very fast reaction (fine grinds), Other-
wise, price decides. The important issue here is not price per ton of lime but cost per
pound ENP, calculated as

_ pricefton lime
cost/lb ENP = ib ENPrton

Rather than solve a sample problem here, there will be a problem to be solved in the
review questions, using the above formula,
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Lime Application

Best results are obtained from liming when there is close contact between the grains
of lime and the soil. To achieve this, lime should be spread evenly over the field and
then mixed well into the soil. Lime-spreading trucks do a good job of spreading the
material (Figure 11-17).

Lime may also be applied in pelletized form, which is more easily applied than
ground lime with common application equipment. Pelletized lime is particularly useful
when applying over existing vegetation and in small applications like landscapes.

While most lime is spreéad in a dry form, some is finely ground and mixed with
water or 3 fertilizer solution and sprayed on the field. To prepare fluid lime, lime is
ground very finely (e.g., all passing through a 300 mesh sieve) and suspended in water,
Because the particles are so fine, they react quickly, with pH rising measurably in days
instead of weeks. However, fluid lime remains active for a shorter time, $o it must be
reapplied sooner.

After lime is spread, plowing and/for discing mixes the lime into the soil, In estab-
lished pasture or other situations where plowing is not possible, lime is spread evenly
on the soil surface. If it is not mixed into the soil, the lime slowly moves into the soil,

Growers may lime at any time that is convenient. To avoid compaction, however, it is
best not to deive the trucks on wet soil. Lime should not be applied with certain forms
of nitrogen fertilizer because it can cause nitrogen losses (see l:.h:gpn:r 14). The most
important consideration is reaction time, because it takes a few months for lime w
break down in the soil. IF faster action is needed, a grower can use fluid lime, hydeated
lime, or more finely ground lime grades,

Figure 11-17

Application of lime to an lowa
feeld. (Courtesy of USDA, Natural
Resowrces Conservation Service]



Figure 11-18

The pale green blueberry plants
are fuffefing iron chlorosis from
high pH. (Courtesy of Carl Rosen,
University ef Minnesota)
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It is worth noting here that when pH is adjusted by liming, pH begins to return to its
former level, since soil-acidifying processes continue to operate after liming. This is par-
ticularly true for farmers, who will, after liming, continue 1o remove base cations in har-
vested crops and will continue o rely on ammoniom fertilizers. Both drive down pH.

ACIDIFYING SOIL

Sometimes soil can be too basic for good plamt growth, This may occur with acid-
loving plants preferring a pH range from 4.0 to 5.5, such as blucherrics (Figure 11=-18)
or azaleas, in even slightly acid soils. These plants apparently have a high iron requine-
ment that ¢can only be met in soils acid enough for iron to be readily available, New
types of locally bred, hardy azaleas are quite popular in the authors home area, but
the soil is not acidic enough for their needs, and must be amended for suceess.

High soil pH is also a problem in parts of the country where soil is naturally oo
alkaline for a wide range of crops, common to the more arid parts of the country indi-
cated in Figure 11-4. Here, excess lime or sodium keeps soil pH high, as shown carlier
in reactions (£) and (d). Over-limed soils may also become alkaline.

Hish pH p:imarily ties up micronutrients such as iron, manganese, zinc, and athers,
leading to micronutrient deficiencies. In high molybedenum soils, that  element
may also become toxic. Lowering pH answers these problems by improving availability
of micronutrients.

For planting a few acid-loving shrubs, landscapers often incorporate lirge amounts
of sphagnum moss peat into the planting soil. Its very acid nature, plus the physical
improvement of the soil, serves very well as a soil amendment, However, as peat decays, its
activity declines, and pH will rise. Peat is also not a practical amendment for larpe areas.
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For longer lasting pH reduction, and for larger areas, sulfur is preferred. Once
applied and mixed into the soil (as described earlier for lime), Thiobacillus bacteria
alter sulfur to sulfuric acid:

{3} 25 4 30; + 2H;0 — 2H,50, + energy

Sulfuric acid releases hydrogen ions, and the soil becomes more acidic.

Sulfur is available in granular and powdered forms and as a flowable liquid. The
powdered form acts most rapidly but is more difficult to handle. Granular sulfur, while
slower acting, spreads much more easily with application equipment. Figure 11=19 sug-
gests sullur application rates,

A number of other chemicals also acidify the soil. These include iron sulfae,
Fe (500, and aluminum sulfate, AL(SO.),. Iron sulfate acts rapidly by a reaction
involving iron that releases hydrogen ions. With aluminum sulfate, aluminum hydroly-
sis releases hydrogen ions according to reaction (g). Because of the potential toxicity of
aluminum, discussed earlier in this chapier, the author does not normally recommend
aluminum sulfate, except for turning hydrangea flowers blue. In this particular case,
it is aluminum ions dissolved in flower cell sap that produces blue color. lron toxicity
can also oceur if excessive amounts of iron sulfate are used (Figure 11-8).

Acidifying fertilizers, those containing ammaonium nitrogen, also lower soil pH. How-
ever, these cannot be employed for sharp, rapid drop in soil pH—the amount needed
would cause fertilizer burn. They may be usefully applied annually to acid-loving plants
to sustain a lower pH after other amendments create the proper initial pH. Some indi-
viduals mistakenly apply gypsum (CaS0,) in the hope of lowering soil pH. As a neutral
salt, it does not do so.

Calcareous soils may be very difficult to acidify because there is such a large reserve
of lime that must be leached out. The bin example in Figure 11-11 pictures this,
except one would relabel “reserve acidity” with “reserve alkalinity”™ Here, free lime
buffers soil from pH changes. Mevertheless, in the American Southwest, sulfur is often
included in the preparation of flower beds,

Where pH reduction is impractical, fertilization and crop selection are required.
Deficiencies may be temporarily corrected by fertilizing with the proper nutrients.
Crops should also be selected for tolerance to high pH. In alkaline soils, for instance,
alfalfa would outperform soybeans. Varieties of the same species will vary in olerance,
50 one soybean variety may grow where another would not. Appendix 5 lists pH pref-
erences of common landscape trees.

Ground Sulfur PintsA 100 it Pounds/Acre

To Lower pH by

This Amount Sand Laam

1.0 1L 4 725 2,200
1.5 2 54 1,100 3,000
20 % a 1,350 4,400
2.5 3 10 1,650 5,400

Amount of sulfur needed to
lowwer pH fiar an 8-inch plow
layer. (USDA, Kellogg, Soil: 1957
Handbaak of Agriculture)
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SOIL SALINITY

In humid regions of the United States, acidity is a common problem for growers be-
cause percolation leaches caleivm, magnesium, and sodium from the soil. Growers in
the more arid parts of the nation often have a different but related problem—an accu-
mulation of seluble salts of these same bases, This accumulation tends to be a problem
in dry climates where natural levels of rainfall canno flush salts our of the soil. It is
particularly associated with irrigation in dry climates, because irrigation water flows
through materials naturally high in salt, because a lot of water must be applied in such
climates, and there is less natural precipitation to flush out the salts, We also associate
salinization with poor drainage in irrigated fields. Irrigation imports salts into fields,
and when drainage is poor, irrigation raises the water table, bringing salt-laden water
into the root zone of crops.

A soluble salt is defined as a salt (sce Appendix 1) that is as soluble or more seluble
in water than gypsum {calcium sulfare, Ca50,). The soluble salts of greatest concern in
the soil are sulfates (SO0, bicarbonates (HOOZ), and chlorides (C1 ) of the bases cal-
cium, magnesium, and sodium. These salts may come from parent materisls, irrigation
with salty water, or even deicing salts.

Frominent locations for salinity problems in the United States include the San Joa-
quin Valley of California, the lower Rio Grande Valley of Texas, and such western and
southwest states as Arizona, New Mexico, Utah, and some of the northern Grem Plains.
Even farmland arcund estuaries of the East Coast may suffer some salinity problems.
Salinity problems affect about 25 percent of the irrigated lands of the United States,

Growers of potted plants—greenhouses, nurseries, and interior landscapers—also
experience soluble salt problems. Here high volumes of water, often containing dis-
solved salts, are poured into a small soil mass. Because fertilizers are salts, fertilization
compounds the problem. Chapter 17 discusses this further,

Qther locations where problems occur include roadsides where deicing salts are
used in the winter to melt ice and where fertilizer is overapplied or spilled. In the lat-
ter case, people use the term ferfilizer brrn when the damage is severe enough o be
visible on the plant.

Effects of Soil Salts

In nonsalied soils, sall effects are oo minor w be of concern. But in salted soils, salts
cause a number of problem conditions. Primary among these are osmotic effects.
Ordinarily, solute concentrations inside root cells are higher than those outside in the soil
solution, which promotes water uplake. Put another way, osmotic water potential inside
the cell is lower than on the outside, so water moves into the cell by osmosis. High soil
salinity reduces the potential gradient between soil water and cell water, inhibiting
uptake, Or, we could say it reduces the availability of soil water (Figure 11-20), making
it harder for plants 1o take up and increasing the percentage of soil warer that is unavail-
able. A saline soil of the same water content as a nonsaline soil scems drier (lower water
potential). Ifsoil salts rise high enough, water could even be drawn out of roots by osmosis.

Other effects include the following
* Roots can adjust somewhat (o salted soil by raising their own solute levels

w lower osmotic potential inside the cell and reestablish a potential gracdi-
ent. But this takes energy that could go into growth and other functions.
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Water held at willing point —= 50% 100% = Walar hald at fiald capacity
Hygroscopic {A) Monsaline soil
Wil
— * Field
Wilting . -
point iy capacity

Water held al willing poimt —= 9'0%1"1_ 100% -— Water held al lield capacity Figtire 11-20

fA) In 3 nonsaline 1oil, sbout half

Hygroscopic I (B} Saline soil the water held at field capacity
walar is avallable to plants. (8) In saline
s0il, as litthe as 10 percent
Wilting Fiald may be avallable because of
point Capacity osmaothe potential,

Figure 11-21

Salinity damage on tomato.
Yellowing and browning of leaf
margins and tips is typical of
salinity damage. (Couwrtesy of Carl
Resen, University of Minnesota)

» Specific ions, mainly chlorine and sodium, may be taken up by plant
roots and accumulate in plant tissue 1o toxic levels, These are called

ion-specific effects.
* Stress on roots from salinity makes them more prone to root
rot Organisms.

« Mutrient imbalances in the plant can result from excess of some lons at
the expense of others. For instance, high levels of sodium can induce
potassium or calcium deficiencies.

+ In certain cases, extremely high pH occurs.

Different plants react more or less o these different effects. Citrus fruits are an
example of plants that suffer from all of them. Figure 11=21 shows salt damage on tomato
as yellowing and death of leaf marging from some combination of the above factors,
Soil scientists define three types of problem soils based on type of soluble salts: saline,
sodic, and saline-sodic. Figure 11-22 summarizes these three, described next.
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Charactesistics of salted salls.

Salts deposits on a soil surface in
Ltah, [Courtesy of USDA, Natwral
Resources Conservalion Service)
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Sadium
Exchangeable  Adsorprion
{mmbasiom) Sodiunm {3&) Ratio SollpH SoilS1ructure
Saline >4.0 =15 =13 <8.5 Mornmal
Sodic 4.0 =15 =13 =8.5 FPoar
Saline-sodic >4.0 =15 >13 <8.5 Mormal

Saline Soils

Saline soils have high levels of soluble salts except sodium, Soil salinity can be eas-
ily measured by passing an electrical current through a solution extracted from a soil
sample—the greater the salt content, the more the electricity. The value is called efec-
trical conductivity, or EC, and is the means by which we measure salinity, For many
common day-to-day uses, EC is measured as millimbaos per centimeter (mmhos/fem).
For scientific publication, the units siemen per meter are preferred, and 1 siemen per
meter equals 10 millimhos per centimeter.

A saline soll is defined as a soil with an EC of 4 or more millimhos per centimeter.
However, salinity levels as low as 2 millimhos per centimeter can injure sensilive crops.
Most salts are chlorides or sulfates. Less than half of the cations are sodiom, and little
sodium is adsorbed on soil colloids, Soil pH is 85 or less. A white crust may be seen
on the soil surface, due 1o salis migrating to the surface by capillary rise (Figure 11-23);
this is also commonly ohserved on the soil surface in potted plants.

Soils can be classified for use based on salinity. Figure 11-24 shows the classifica-
tion system. Figure 11-25 classifies common crops according 1o their salt tolerance.
Appendix 5 lists salt iolerance of common landscape trees, For plants growing in pots,
as in greenhouse production, the values of Figure 11-24 are much oo high, and EC
must be kept lower,
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Salimity (mmbos/cm) Crop Response
Monsaline a-2 Salinity effects unimpaortant
Slightly saline 2-4 Yields of sensitive crops lowered
Moderately saline 4-8 Yields of many crops lowered
Strongly saline 8-16 Only tolerant crops yield well
Wery strongly saline More than 16 Only most tolerant crops yield well

Tolerant Mecdium SEnsitive

Field crops Barley Carn Beans
Sugar beet Soybean Flax
Cottan Sorghum Wheat , Broadbean
Forage Crops Bermuda grass Alfalfa Clovers
Wheatgrass COrchard grass
Tall fescue Perennial rye
Vegetables Beets Spinach Lettuce
Asparagus Tomato Bell pepper
Broccoli Onion
Cabbage Carrot
Potato Beans
Swieet corn Celery
Fruits Date Palm Grape All others
Fig
Olive

Sodic Soils

Sodic soils are low in the kinds of salis found in saline soils but high in sodiom. The
exchangeable sodium percentage (or sodium saturation) is 15 or more, and pH is in
the range 8.5-10.0. Sodium is often measured by the sodium adsorption ratio (SARD.
The SAR compares concentration of sodium ions with the concentration of calcium and
magnesium ions according to the formula:

[Na*]

| [Mg**] - [Ca*]

Y 2

Using this measurement, a sodic soil has an SAR greater than or equal to 13,

Sodic soil has a number of effects on plant growth, The imporance of these effects
varies according to soil and crop.

= Sodium reacts with water, reaction (d), to form lye. The resulting high
pH, 8.5 or higher, limits growth of many crops.

Figure 11-24

Crop responses to soil salinity,

F-'[: ure 11=25
Tolerance af selected crops to
il salinity.



A sodic soll. Sodium has dis-
persed soll aggregates, destroy-
ing soil structure. Vegetation

is sparse, (Photo by Peggy Greb,
Courtesy of USDA ARS)
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* For many crops, the main effect of sodium is the destruction of soil
structure (Figure 11=26). When sodium ions saturate cation exchange
sites, colloids separate, and disperse soil aggregates, Tiny soil particles
lodge in the soil pores, sealing the soil surface and creating wet “slick
spots.” Tilth suffers and crusts hard enough to stop seed germination
may form. Sodic soils may also show a poorly drained columnar subsoil
structure, The effect of sodium is most extreme on fine-textured soils
and least extreme on coarse soils.

* Crop plants may take up enough sodium to injure plant tissues. Crops
vary in their tolerance to sodium. For the most sensitive crops, such as
citrus fruits, the nutritional effects of sodium are more important than
its effects on structure. For sodium-tolerant crops, poor growth results
mainly from soil conditions. Figure 11-27 lists the sodium tolerance of
selected crops.

Saline-Sodic Soils

Saline-sedic soils contain high levels of both soluble salts and sodium, EC is greater
than 4.0 millimhos per centimeter, SAR is greater than 13, and pH is less than 8.5, The
physical structure of these soils is normal. However, after periods of heavy rain or
irrigation with low-salt water, soluble calcium and magnesium may leach out of the
soil, leaving behind sodium salts. Soil may then become soedic, with poor physical
structure and drainage.

Reclaiming Salted Soils

The first step in reclamation of salted soils is to decide whether the projeet is practical
and will pay for itself. The basic step 1o reclaiming soil is to leach out salts, so there
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must be a source of acceptable water, Very Fime-textured soils may not allow sufficient
deaimage. If a decision is mace to reclaim the soil, the next step is 1o énsure good
drainage to allow salted water 1o leave the soil profile.

Many salied soils have problems with drainage, including a high water table, hard-
pans, or fine soil texture, Subsoiling can help break up hardpans. Soil with a high
water table must be drained to a depth of 5 or 6 feet, 50 salty water can be removed
from the root zone and carried off the field. After proper drainage has been installed,
the next steps depend on the type of problem.

Saline soils are most easily reclaimed. Growers Mooed the soil surface so that percolation
leaches salts out of the soil profile. High-quality water works best, but larger amounts of
Fairly saline water will also work, Treatment water should, however, be low in sodium.
Ponding is one way to apply leaching water. In ponding, heavy equipment constructs
low earthen dikes to divide the affected land into ponds, which are then flooded. The
field may be ponded several times, allowing time for drainage between floodings.

The reclamation of saline soils has been improved by the use of organic mulches,
Mulches reduce evaporation of water from the soil surface, increasing the net move-
ment of water downward. In addition, organic matter keeps the soil loose and main-
lains structure to improve drainage.

Sedic soils cannot usually be reclaimed simply by leaching, because the sealed soil
surface inhibits drainage. It is usually necessary to first remove the sodium. This is
usually done by treating the soil with gypsum, Granular gypsum may be spread on
the soil surface, or finely ground gypsum may be applied through an irrigation system.
When gypsum enters the soil, it dissolves and caleium replaces sodium on the cation
exchange sites. Sodium sulfate leaches out of the soil;

i) :: + Ca50,— [micelle}—Ca*?+ Na S0,

{leaches)

Gypsum is the least expensive amendment, but other chemicals may be used as well.
If soil contains some lime (CaCO,), finely ground sulfur will add calcium indirectly.
Sulfur is converted to sulfuric acid by bacterin, reaction (m). Hydrogen jions from the

Figure 11-27

Tolerance of some crops w
exchangeable sodium. Damage
to the most sensitive crops is
fram sodium toxicity. Damage to
tolerant crops is due to poor oil
conditicns, (US0A Agricudtere
Frifermuation Bulieting

No, 216, 1960)
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sulfuric acid can replace sedium on the exchange sites. More importantly, the acid
reacts with soil lime 1o make gypsun:

fo)  C€aCO, + H,50, — CaS0, + H,0 + €O, (gas)

The conversion of sulfur to sulfuric acid takes some time, so sulfur treatment is rela-
tively slow, Sulfurie acid can be added directly for faster action. Thiz is more expensive
and also more dangerous because sulluric acid is highly caustic. One USDA research
project achieved a similar effect on sodic soils by planting a sorghum-sudan grass
hybrid. Its roots released large amounts of carbon dioxide, which reacted with soil
water to form carbonic acid, reaction (B). The acid dissolved soil lime, frecing calcium
which displaced sodium, as in reaction (x),

Afrer calcium replaces sodium on cation exchange sites, the soil slowly begins (o aggre-
gate. As the soil surface begins to improve, some growers plant salt-tolerant crops such
as barley. The plant roots and tops, if disced inte the soil, help rebuild the soil strocture.

A few additional words about gypsum may be added here. Gypsum is often sold w
loosen clay soils in gardens and lawns, However, unless the soil is salt-affecied, it is
likely to have little effect. It may possibly improve soils damaged by roacd r.lcicjnp, salis,

Saline-sodic so0ils must be treated o remove sodium. If they are simply leached with
low-zalt water, calcium and magnesium salts are removed, but sodium remains in the
soil, forming a sodic soil. Thus, gypsum treatments are useful. In the initial stages of
reclamation, some growers leach these soils with fairly saline water. The calcium and
magnesium salts in the water replace some of the sodium on the soil colloids, prevent-
ing destruction of soil structure.

Managing Salted Soils

Saline soils, especially irrigated land in arid climates, may be managed to reduce salt
problems. One answer, of course, is to grow salt-tolerant crops, This step, however,
does not really solve the problem but causes a shift over time to increasingly salt-toler-
ant crops. A number of practices can be used to help reduce salt problems, as follows:

* Prepare a field properly for irrigation. Proper leveling avoids low spots that
collect salis. A grower may also install drinage during field preparation.

* I possible, use high-quality irrigation water. Figures 9=25 and 9=26 list
the irrigation water classes.,

* Keep soil moist. Water dilutes soil salis, lowering the effect of asmotic
potential. Salts tend to be most damaging in dry soil, when the salts are
concentrated and both osmotic and matric potential are high.

* Owver-irrigate enough o leach salts out of crop rool zenes. The amount of
extra water needed is called the leaching fraction.

* Return as much organic matter to the soil as is practical, including
manures, crop residues, and green manures,

+ Avoid overfertilization. Most fertilizers are salis and can compound salin-
ity problems. Selection for low-salinity fertilizers may help in certain situ-
ations like wrf.

* Maintain a good soil-testing program to monitor salinity and
avoid overfertilization,
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* Plant crops on ridge shoulders in furrow-irrigated fields. Salts tend o
concentrate on the top of the ridge.

* Use dep irrigation—it tends 1o reduce salt stress because it keeps the soil
unitormly moist and moves salts out of the root zone of the crop plants
and into the soil between plants and rows (Figure 11-28),

Salted Water Disposal

Omne difficulty with methods for reclaiming and managing salted soils is that they do
not eliminate soluble salts but move them o another place. Salty drainage water reap-
pears in rivers downstream of affected farms, making that water even more salty. Indi-
vidusl growers do have some options to help reduce saline discharges from their fields.
These suggestions stress reducing water use and retaining salt safely in the field:

= Improve water delivery systems to reduce seepage and evaporation
from canals.

* Use technigues to improve irrigation efficiency, like careful budgeting to
reduce percolation and tailwater losses,

* Where feasible, adopt drip irrigation.

* Practice minimum leaching to carry salts below the root zone but not
into the drainage system.

* Reuse salty water on salt-tolerant crops such as barley or sugar beets,

Low salt concentration

High salt concantration

Figure 1128

Dwip irtigation can reduce salt
steess, As water moves away from
the emitter by capilary action, it
carries dissolved salts out of the
root zone.
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Managing Salts in Potted Plants

Growers of potted plants work constantly to maintain 2 proper EC in their pots. This
means frequent monitoring of EC with conductivity meters (Chapter 13 illustrates one
device), often on a weekly basis. Where irrigation water is saline, a little extra water
is added ar each irrigation to leach out salts that might otherwise accumulate, In some
cases, water must be treated 1o reduce salinity, though this is expensive. Growers also
tightly manage the fertilizer program to avoid fertilizer buildup. IF tests reveal that
the EC has risen too high, growers leach pots with a heavy watering. This is done by
watering pots heavily until water runs out of the bottom, allowing the salts to dissolve
for a half hour, then repeating the heavy water application.

SUMMARY

50il pH depends on the balance of hydrogen and
hydroxyl jons in the soil solution. Alkaline soil resulis
from the reaction of base anions such as carbonates o
remove hydrogen ions from the soil and release hydrox-
ide ions. At higher pH, high base saturation prevents
hydrogen ions from occupying cation exchange sites.
Owver time, leaching with acidic water removes the base
anions and base cations such as calcium, making the
soil more acidic and replacing calcium on the cation-
exchange complex with hvdrogen ions. At low enough
pH, aluminum enters the soil solution and drives down
pH even more.

Acid soils affect plant growth by lowering the avail-
ability of phosphorus and other nutrients, freeing toxic
levels of aluminum or other metals, and inhibiting help-
ful soil organisms. Alkaline soils render several micro-
nutrients unavailable and create many problems associ-
ated with salted soils. Most plants grow best between
pH 6.0 and 7.0. A few, like potatoes, perform best in
acid soil, while very few, like alfalfa, do best in neutral
or mildly alkaline sail,

REVIEW

1. It is said that in humid regions, soil is either acidic
or in the process of becoming acid. Explain.

2. Describe the effects of low pH on plant growth,
High pH?

3. A buffer test on a sample of mineral soil produces a
buffer index of 6.4. How many pounds per acre of
90 percent pure lime should be applied according
to Figure 11=-137 Ignore ENP for this question. How

Acid soils are treated with various forms ol agricul-
wiral lime, mostly ground limestone. Lime replaces
hydrogen and aluminum on the cation exchange sites
with calcium and converts hydrogen ions o water. The
amount of lime needed depends on the amount of pH
change required, bulfering capacity of the soil, and
the form of lime. Soils wo alkaline for the crop being
grown may be treated with sulfur,

Salted soils may be saline, sodie, or saline-sodic.
Saline soils, which are high in soluble salts but low in
sodium, reduce the water available to plants. Saline
soils can be treated by flooding to leach out salts, Sodic
soils are high in sodium and exhibit poor physical
structure, They are treated with gypsum to displace the
sodium. Saline-sodic soils contain both soluble salis
and sodium. Care must be taken with these soils to
avold leaching the salts while leaving the sodivm. After
a salted soil is treated, it must be managed carefully to
reduce salt prablems.,

many pounds would we apply to a 5,000-square foot
lawn before laying sod (1 acre = 43,560 square fee)?

4.  How many pounds per acre of 85 percent
hydrated lime would replace the lime in
Cuestion 3, using Figure 11-147

5. MName soil conditions for which gypsum is an
effective treatment and for which it is probably not.
Explain your answer.
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The early Sumerian culture of Mesopotamia, now
part of Irag, grew plentiful crops of wheat, irrigated
by water from the Tigris River. Over time, wheat
ceased to be cultivated, replaced by barley. Even-
tually, even barley could not be grown. Can you
explain this?

Why would rising salinity be a problem in green-

house production and in interior landscapes? What
can be done about it?

How does common calcitic lime neutralize acidity?

“Hard water™ contains a lot of caleium and bicar-
bBonate (HOO, ) fons. What effect would frequent
irrigation have on seil pH? Explain, Hint consider
reaction (), a quite reversible reaction, and chemi-
cal equilibyrivm, as describedd in Appendix 1.

. Assume you want to grow river birch (Betwla nigra)

in vour yard, Your sail is moderately well dreaineed
with a pH of 7.0 and a salinity of 2.0 millimhos per
centimeter. Looking at Appendix 6 and charts in
this chapter, do you find this soil suitable for river
birel as is? IF needed, how might you amend

the soil?

This text devores much space o soil liming. What
sort of soil user in what parts of the country are
most likely to need this information?

The author went to a local garden center and
checked labeling on a 40-pound bag of “high cal-
cium pelletized ground limestone,” a product for
homeowners (though the author doubts

any homeowner needs lime on local soils), He
found information on label, including CCE,
infermation about the grind, and EMP value lisved
according to state. Here we will use the Minnesora
value of ENP, which was on the label, but which
you shall calculate for yourself, Answer these
questions from this information and ables in

the text.

a. What percentage of this lime product is
ineffective for neutralizing acicity?

k. Would you think this is a fine, medium,
or coarse grind?

€. Would you expect this product to be fast
acting compared to other lime products?

5oil pH and Salinity

d. Would you expect this product to

be long lasting compared 1o other
lime products?

. Assuming the product has no water

content, what is the ENP of this product,
using the Minnesota method? IF you are
from a state that does it differently, you
may use that method as requested by
your instructor.

f. A soil test recommends applying 4,000

pounds ENP per acre. How much of this
product would yvou apply?

g Another soil test recommends 2 tons per

acre pure calcium carbonate. How much
of this product would you apply?

Chemical Purity

Calcium Carbonate Equivalent  87%
Particle Size Distribution
100% passing B-mesh sieve
10-mesh sieve

20-mesh sieve

100% passing
100% passing

100% passing 40-mesh sieve
100% passing 50-mesh sieve
98% passing G0-mesh sieve
0% passing 100-mesh sieve
T0% passing 200-mesh sieve

Effective Neutralizing Power

Minnesota Effective Neutralizing
Power = X pounds per ton

14,

Compare the cost of two lime products: Product A:
ENF = L300 pounds per ton costing §15 per ton.
Product B:ENP = 1,200 pounds per ton costing $12
per ton. What is the cost per pound ENP for each,
andd which is the better buy?

Whar would be the materials cost {ignore equip-
ment and labor) of the cheaper lime per acre in the
above question if the lime recommendation was
4,000 pounds ENP per acre? What would be the
savings of selecting the less expensive lime?
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ENRICHMENT ACTIVITIES

1.

Pur a few drops of a strong acid on a piece of limestone, and observe the fizz. Can you explain the bubbles? See
Figure 11=10. How does this relate 1o calcareous soil?

Use pH paper to test a number of household solutions, such as vinegar, lemon juice, tapwater, and ammonia,
Check a soil sample for pH by mixing one vodume of soil with two volumes of distilled water. Let it sit for 20
minutes, then filter with a coffee filter or other ﬁ]u:rin]:; device. Measure pH of the liguid with pH paper or pH
meter. This is a 2:1 extraction, commonly done for pH and EC testing in greenhouses.

At the beginning of the course, the instructor can mix finely ground lime, sulfur, and gypsum into separate soil
samples in pots. Keep warm and moist for several weeks. Then check for pH in class, as described in (3) above.
Open a fresh can of soda and measure the pH immediately. Measure it again a few hours later. How has the pH
changed? Explain [see reaction (b)),

Recreate the demonstration of Figure 11=-7. The author dissolved iron sulfate from a local garden center in acidi-
fied distilled water and divided the solution into two parts, In another beaker he created a basic solution then
poured it info one of the acidified beakers until a precipitate formed. All the ingredients except iron sulfate
were from the kitchen, What were they?

For more information on the mathematics of logarithms and pH, see Coyne & Thompson.20006. Matih for Soil
Scientists. Delmar Learning,/ Thompson.

This chapter claims that rainfall is acidic, Check out this map of the rainfall pH's for the United States Why
might it vary? <http:dwater.usgs. govnwe/NWE/pH html/ph. himis,

For more information on salied soils, try this Web site: <htips/www.ext.colostate.edu/pubs/fcrops00503. htmlz.



)BJECTIVES

After completing this chapter, you should be able to:
- discuss nitrogen nutrition and the nitrogen cycle
= discuss phosphorus nutrition
= discuss potassium nutrition
» answer questions about the secondary nutrients
+ answer questions about trace elements

When a customer walks into a garden center and asks a salesperson about
a difficalty in the :.:,,I:l;lh_‘l]_ the N:I!{_‘.‘HI)L‘I:\E?H may not recognize the problem
or know the solution. After all, lots of things can be wrong, and none of
us cam know everything, Sometimes, the salesperson will offer a bag of
fertilizer. Everybody knows about fertilizer; shortages of nutrients are not
uncommon, and it is casy to apply. 50 give it a try.

Such an unsophisticated approach o plant nutrition and fertilizer is
chviously not very professional. Compared to some other characteristics of
soil, nutrient status can be modified faidy easily, and fertilization is a stan-
dard practice of growing plans. But there is a lot to know about effective
management of nutrients without causing environmental damage.

This chapter begins a sequence of chapters about plant nutrients ancd
their management in the soil by soil testing and fertilization. This chapter
provides details about the nutrients first mentioned in Chapter 100 We will

begin with nitrogen.

NITROGEN

Nitrogen, more than any ¢lement, promotes rapid growth and dark green
color, Plaints require more nitrogen than any other mineeal element as an
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Kitrogen deficiency. Polatoes
growing in the foreground on
thi sandy s0il are defigient in
nitrogen, Compared 1o plants in
the background, they ane stunted
and palbe gréen. (Courresy of Cad
Rosen, University of Minnesata)

essental part of protein and chlorophyll. As the most mobile of mineral nutrients in
the environment, readily lost from the soil, it is usually most in need of annual replen-
ants respond to nitrogen in the following ways:

ishment. |

* Nitrogen speeds growth. Planis receiving adequate nitrogen have
vigorous growth, large leaves, and long stem internodes,

* Robust root systems need adequate (but not excess) nitrogen.

* Planmts make large amounts of chlorophyll, the green pigment that
performs photosynthesis. On well-fed plants, leaves are dark green; on
poorly fed ones, they are pale green (Figure 12-<1),

* Planis use water best when they have ample nitrogen

* Nitrogen increases utilization of carbolhwvdrate and increases its transior-
mation into protein.

h tissue ||j1|1::-gu|'|

Plants with too much nitrogen do not grow properly, however, Hi
contents cause a very succndend prowth, that is, growth that is high in water content
but lower in dry matter. This weakens the plant. Here are some problems associaged
with too much nitrogen:

* Easilyv injured growth is encouraged. Plants stems are weaker and more
easily wopple, or ledge, in cain,

= succulent, high nitrogen growth is more pProne 1o many insects
and diseases.

= Overly rapid growth slows maturity and ripening of many crops.
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* Owverly rapid growth also delays the hardening-off process that pratects
many plants from cold, exposing them to winter damage,

About half the nitrogen in a leaf occurs in enzymes involved with photosynthesis
s0 a well-supplied plant photosynthesizes much more efficiently than a deficient P[ﬂﬂli
This partially explains why nitrogen stimulates growih, On the other hand, we alsg
know that leaves high in nitrogen also respire—use up the food produced by photo-
synthesis—more rapidly. In lowlight situations, where photosynthesis is light-limite,
high nitrogen merely depletes food more quickly. Plants growing under low light, such
a5 shady el or indoor plants, should be fertilized more lightly than plants grown in
the sun.

In general, nitrogen promotes vegetative growth—stems and leaves—more than the
reproductive growth of flowers and froit. Home gardeners see the effect if they over
fertilize their tomato plants, promoting lush growth but few fruit. Also, while nitrogen
aids growth in both root and shoot, shoot growth tends to be favored. This can be g
problem in turf, where high nitrogen fertilization can yield lush growth with an inacd-
cauate rool system o support it during times of stress,

Mitrogen nutrition affects product quality of many crops. Good nitrogen content
increases the protein content of forage, feed, and human foods. It increases succu-
lenee in crops such as lettuce, which improves their acceptability in the market. Excess
nitrogen, on the other hand, may reduce quality measures such as flavor components
or sweetness in a wide range of crops. For example, excess nitrogen recduces oil quality
im olives, and reduces sugar content in crops such as sugar beet or cantaloupe. Also, in
same plants, high nitrate levels in plant tissue may present health problems for animals
and people that consume them.

Protein content, hence nitrogen content, declines in any plant tissue like a leaf over
time. Nitrogen moves readily in the plant, and as tissue ages, nitrogen is mobilized o
younger, more hiologically active tissues. At the same time, the carbon content in cel-
lulose and lignin rises in that same older tissue. Thus, 2 young grass blade may have a
carbomnitrogen ration of 15:1, while an old blade's ratio might be 801,

In the natural world, low nitrogen tends 1o be the primary nutrient limiting growth
in land ecosystems of cooler climates, on young soils, and many marine ecosystems,

The Nitrogen Cycle

Of the essential elements, nitrogen undergoes the most movement and change. The
series of gains, losses, and changes is termed the nitrogen eycle. The central portion
of the nitrogen cycle operates by the action of soil microorganisms. To review bricfly
(see Chapter 3), nitrogen comes from nitrogen gas (M) in the atmosphere, a form unus-
able 1o plants. Symbiotic or nonsymbiotic bacteria use that nitrogen o form protein for
their own bodies or supply it to host plants, When these bacteria, or host plants, die,
other microbes mineralize the protein (o ammonium ions (MH{L

Ammenium nitrogen can be taken up by plants, but most is converted by bacteria
(nitrification) to nitrite ions (NOF) and then to nitrate ions (NO7)L Nitrates are taken
up by plants or microbes (immobilization) or return to the atmosphere as nitrogen gas
through the process of denitrification, The solid lines in the simplified cycle pictured
in Figure 12-2 summarize this portion of the cycle,
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In this simplified version of

the nitrogen eycle, dark lines
indicate the biological processes
described in Chapter 5. Broken
lines indicate non-biological pro-
cesses described in this chaprer.

Chapter 12

The complete nitrogen cycle includes some nonbiological processes as well, shown in
Figure 12=2 as broken lines, Two other forms of fixation add vsable nitrogen to the soil.
First, lightning during storms provides energy to combine gaseous nitrogen and oxygen
in the atmosphere to form nitrogen dioxide (NO,) The gas dissolves in water vapor (o
produce nitric acid (HNG O, About 5=10 pounds per acre of nitrogen fall to earth yearly
in rain and snow from this source, Second, large amounts of nitrogen are fixed from the
air in fertilizer factories (see Chapier 14) and applied to soil by growers,

Two nonbiological losses of nitrogen from soil may be important as well, The
nitrate jon is negatively charged and so is not adsorbed by soil colloids. Mor is i
held in soil by other means, so nitrates easily leach from the soil. Although ammonia
does not leach readily (being adsorbed by soil colloids), it too can be lost by a pro-
cess called ammonia volatilization Ammonium ions react with hydroxyl ions in the
following reaction:

NH; + OH = NH, + H,0
ammaonia (gas)

The smell of an open bottle of houschold ammonia ammonia gas dissolved in
water) is a result of this reaction. Normally, this is a balanced reaction in the soil, with
nitrogen changing back and forth between the two forms. However, the balance can

Almospheric

fication [ i Indusirial
L fixation
H i (Fertilizer)
Atmosphere E Biolegical
= fixation
Denitrification X o
‘1“1’ ! immobiiization
[
NOp™ Y : Organic M
Leaching :
Soll \ ! Immobilization
¢ E
Nitrification Mineralization
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e shifted by soil conditions to cause a loss of ammaonia. If soil dries, for instance,
water is lost from the right side of the equation. As a result, the reaction shifts to the
right and releases ammonia gas (see Appendix 1 for an explanation). If the soil is made
maore alkaline (by liming, for instance), the reaction again shifts o the right because of
an excess of hydroxyl ions. Thus, substantial losses of ammonium nitrogen can ocour
when ammonium fertilizers or manure are applied to soil, especially if it is alkaline, or
recently limed.

In native habitats, including virgin forests or prairies, gains and losses in the cycle
balance over time. However, farming changes the balance greatly in ways that increase
nitrogen losses:

* Mitrogen is removed by crop harvest.

* Cropped soil is more likely to erode, so nitrogen and other nutrients are
carried off in running water,

* Irrigation increases percolation of water through the soil profile, increas-
ing nitrate losses by leaching. At the same time, wetter soil may increase
denitrification losses.

* Liming may increase the loss of ammonia by volatilization.
To compensate for increased nitrogen losses and to meet the needs of modern high

productivity, growers supply more nitrogen by manuring, growing legumes, or by
fertilization. Figure 12-3 shows the nitrogen cycle as it operates on modern farms

Arlificial
fixation

Remowad by

i

Daritrification

Fartilizgr

Flgure 12-3

Agriculiure breaks the natural
nitrogen cycle by removing a
crop, which removes nitrogen,
as well as other nutrients,
Growers adjust nitrogen levels
by fertilizing, manuring, and
growing legurnes,
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Crrganic matter serves as the
storehouse of soil nitrogen; a
smmall amount exists a5 usable
nitrate and ammonium iens,
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that raise both crops and animals. There 12 a strong trend away Trom o mixed Frming
operation toward one that specializes in either cash crops or raising animals, This
trend improves economic efficiency, but exacts an obwvious penalty in view of the nitro-
gen cycle. For the cash crop grower, more money must be spent on fertilizers. For the
animal raiser, manure becomes a waste disposal problem (see Chapier 150,

Forms of Nitrogen in the Soil

About 97 percent of soil nitrogen resides in organic matter, the soil's storehouse of
nitrogen. At any time, only a small percentage of nitrogen is mineralized 10 usable
forms. On the average, decay makes available about 90 pounds of minceral nitrogen
per acre per year (see Figure 12-4). It follows that cropping systems that preserve soil
organic matter, such as no-till and some organic farming, also retain more soil mitro-
gen. The difference can be substantial. In one 1996 study, after 23 years of continuous
corn, there were 9 milligrams of mineralizable nitrogen per kilogram of soil (in the 1op
7.5 centimeters) under no-till, compared to L4 milligrams of nitrogen under conven-
tional tillage.!

Both mineral forms of nitrogen, ammonium and niteates, are @mken in by plants,
In forest and woeodland, ammenium is the most common form. Some plants, such
as blueberries, prefer a largely ammonium nitrogen diet, while many others, such as
most crop plants, prefer nitrates. As a broad generalization, good growth is obtained
by some mixture of the two. In the greenhouse, growers manage ammonium nitrogen
carcfully because it becomes woxic in high doses. There is evidence that plants may
also take up a limited amount of simple, water soluble forms of organic nitrogen,

Ammonium and nitrate nitrogen behave very differently in the soil (Figure 12-5)
Ammenium nitregen bears a positive charge. Megatively charged soil colloids attract
the cation, protecting it from leaching. The nitrate ion, by contrast, moves freely in
the soil because of its negative charge. Free movement allows niteate 1o diffuse easily
through soil to plant roots. However, nitrate losses from soil can be high. Nitrate ions
leach out of the soil readily, and may disappear as nitrogen gas in wet soil,

The amount of ammonium and nitrate nitrogen in the soil depends on amounts and
type of nitrogen applied o the soil and rates of transformation, removal or loss. Some
nitrogen fertilizers contain nitrates. Most modern fertilizers, however, mainly provide
ammonium nitrogen. Nitrilying soil bacteria change this to nitrates, the preferred form

"Handayani, 1. (19960 Soil carbon and nitrogen pools and transformations aftee twenty-tlree years of mo-
tillage conventional tillage. Doctoral disseration, University of Kentucky.



= : Plant Mutrition

Organic M wir Pitrate M

Storage I humus Adsorbed Little storage
Losses Mineraliza- Vaolatilization, Leaching,
tion, erosion erosion denitrification
Plar Lise Mot used Usable Usable
Changes Mineraliza- Immokbi- Immobilization,
tion lization, dentrification
nitrification

for crops. Mitrifying bacteria grow best in warm, moist, loose, well-drained soil at a pH
of 6.0=7.5, and function little below 50°F. Cold, wet, or acid soils slow the conversion of
AMMonium o nitrate nitrogen.

Waterlogged soil prevents nitrifying bacteria from thriving. However, anaerobic
denitrifying bacteria thrive in the same conditions. Denitrification causes the greatest
loss of nitrogen when soil users apply nitrate fertilizers to wet soils. Similarly, overir-
rigation of turf wastes fertilizer by stimulating both denitrification and leaching.

Because of potential losses of nitrates, it is wseful to control the ammoniuvm nitcifica-
tion rate. Several chemicals have been developed to inhibit (but not stop) niteification.
In practice, results have been variable, often of benefit but sometimes not. Ammonium
nitrogen can also purposely be applied 1o colder soils, as in the fall in cold climates,

Nitrogen Deficiency

In all plants, slow growth and stunting are the most obvious signs of nitrogen shortage.
Because nitrogen is part of chlorophyll, nitrogen-deficient plants lack the dark green
color of well-fed plants (Figure 12-1). This symptom is called chlorosis. Because nitro-
gen is highly mobile in the plant, under conditions of low nitrogen, it is translocated
from older to younger leaves to continue growth, This means that older leaves display
poor color first. It may progress to being generalized over the whole plant. In grasses,
vellowing starts at the blade tips, progresses down the midvein, and finally the entire
leaf yellows. In extreme cases, the leaf dries up, a symptom called firing (Figure 12-6).
In broadleaf plants, leaves are small with overall yellowing.

PHOSPHORUS

Phosphorus also spurs growth but to a lesser extent than nitrogen. Phosphorus affects
plant growth in a number of ways:

* Phosphorus is part of genetic material (chromosomes and genes) and so
is involved in plant reproduction and cell division.

Figure 12=5

Characteristics of three types of
10dl nitrogen.
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Firing of sweet comn lower leaves
caused by nitrogen deficlency.
The corn plants translocated
nitrogen out of older leaves 1o
supply new grosvth, leaving
loiarer leaves short of nitrogen,
(Courresy of Carl Rosen, Universiry
of Mimnesaia)

* Phosphorus is part of the chemical that stores and transfers energy in all
living things. Without it, all biological reactions come to a halr.

+ Cell membranes contain large amounts of phosphorus, making it impor-
tant for cell membrane integrity and function.

* Phosphorus spurs early and rapid root growth and helps a young plant
develop its roots.

* Phosphorus helps plants use water more efficiently by improving water
upiake by roots,

* Phosphorus helps plants resist cold and disease, speeds crop maturity,
aids blooming and fruiting, and improves the quality of grains and fruits.

In many ways, phosphorus acts to balance nitrogen, While nitrogen delays maturity,
phosphorus hastens it. Nitrogen aids vegetative growth; phosphorus aids blooming
and fruiting. As a rule of thumb, phosphorus is most important for crops from which
we use the floral parts—that is, flowers, fruits, or seeds, One should not over apply
this simple rule, however: nitrogen and phasphorus must both be sufficient for both
vigetative and flower growth, and supplying more phosphorus than necessary does
mot stimulate more bloom.

Because phosphorus is needed for root growth, it is often a major element in starter
JSertilizers, those applied at planting, However, there is no evidence that amounts of
phosphorus greater than adeguate encourage heavier rooting, In fact, at low phospho-
rus levels, plants tend 1o Gvor roots over shoots to improve uptake, and in greenhouse
production of bedding plants, the best root systems are achieved under low phosphorus
rates. Many greenhouse growers, in fact, grow crops under low phosphorus regimes,
because high phosphorus levels cause greenhouse plants to stretch unglesirably.
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In the natural world, phosphorus tends to be the primary nutrient limiting growth in
tropical land ecosystems, on old soils, and in freshwater and some marine ecosystems,
High water phosphorus content can lead to water quality issues, discussed in Chapter 15.

Forms of Phosphorus in the Soil

Soil phosphorus is provided by the weathering of mincerals like the apatites, which are
caleium phosphate minerals. As apatite weathers, it releases anions that can be used by
plants. These anions are primary orthophosphate (H PO and a secondary orthophos-
phate (HPOF). For simplicity, the text refers to them both as phosphates.

Many soils contain large amounts of phosphate, but most is unavailable to plants.
Phosphate in insoluble forms that are not free for plant growth is said o be “fixed.”
The reactions that fix phosphate depend on soil pH. In strongly acid soil (pH 3.5-
4.5), insoluble iron phosphate forms. Between phl 4.0 and 6.5, phosphorus reacts with
aluminum. Calcium phosphates are important between pH 7.0 and 2.0, Maximum avail-
ability lies at pH 6.5 in mineral soils, but 6.0-7.0 is satisfactory for most crops.

Between 25 percent and 90 percent of all soil phosphorus resides in organic matter,
an important storehouse of phosphorus, Figure 12=7 summarizes the main forms of
phosphate in the soil.

This figure does not show another way that phosphorus tends 1o be tied up in the
soil: tightly bound to clay particles. Phosphate ions can replace hydroxyl groups in
the alumina octahedral in the aluminum sheet; phosphuate becomes it of clay and is
fixed in place.
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A typical acre of soil holds hundreds or even thousands of pounds of phosphorus in
the plow layver, but at any given moment, only a couple of pounds will be in solution
and available o plants. This may be sufficient for a few hours growth. Growth, there-
fure, depends on rapid movement of phosphorus out of soil stores, As plants remove
phosphate from solution, mineral and organic phosphate become soluble by mineral-
ization and the activities of P-dissolving bacteria. At the height of the growing season,
soluble phosphorus may be replaced from soil stores several times daily.

Becaunse phosphorus availability is low in 5o many of the world's soils, plants have
developed adaptations to improve access to it. These include mycorrhizal associations,
specialized root systems, high root length densities, longer root hairs, and exudates
given off by roots and mycorrhizae that free phosphorus. While these can be effective
responses in natural ecosystems, crops often cannod tap soil stores fast enough (0 pro-
duce a full crop. For this reason, growers lertilize soil with phosphate to compensate
for fixation.

Movement and Uptake in the Soil

Phosphorus moves very slowly in mineral soil, diffusing over a distance as small as
0.25 inch. This limited movement has important implications for soil management.

Phosphorus does not readily leach downward in soil as do nitrates, Instead of leach-
ing, phosphorus is more commonly lost by runoff, erosion, or blowing soil. It also
increases the difficulty of plants in obtaining adequate phosphorus, Because of low
mability, it 15 critical that phosphate fertilizer be placed near seed when planted or
mixed into soil near plant roots.

Uptake of phosphorus depends on a number of soil conditions:

+ Soil pH largely seis the degree of fixation. Phosphorus is most free aga
pH of 6.5-06.8:

* Dry s0il stalls diffusion of phosphorus to roots. Therefore, plants take up
phosphate best in moist soils,

* Oxygen is needed for the breakdown of organic phosphates. Roots also
need oxygen to take up nutrients. A loose, well-drained soil improves
phosphorus uptake, while compacted or poorly drained soil
reduces access.

* Cold soil slows the activity of microorganisms that place phosphorus in
solution, slows diffusion to roots, and retards root growth. Root respira-
tion also declines, depriving roots of the energy needed 1o absorb phos-
phorus. Phosphate shortages are commonly seen on cold, wet soils,

* Any condition that limits root growth limits ability to forage
for phosphorus.

* Myeorrhizal infection of plant roots helps the plant absorh phosphorus,
especially in phosphorus-deficient soils.

A crop uses only 10 percent to 30 percent of the phosphate fertilizer applied o it
The rest goes into reserve and may be used by lier crops. Many growers, in fact, have
built up large reserves of soil phosphorus, especially on land used for manure dis-
posal. With annual fertilizer applications, many turf and landscape arcas are also well
supplied. Only soil testing can tell soil users how much phosphorus crops need.
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While phosphorus does not readily leach, if the soil's phosphorus storage mecha-

nisms become saturated by overapplication of fertilizer or manure, it can move down-
ward and out of a field in drainage water. This contributes to environmental problems
discussed in Chapter 15.

Deficiency

A shorage of phosphorus can cause stunting and fewer, smaller leaves. Plants remain
dark green or may even become darker green than normal. Phosphorus-deficient plants
often have a purple tint to leaves and stems, starting on lower, older leaves. The purpling
develops from an increase in the pigments responsible for red plant colors (anthocya-
nins); plants that do not synthesize the pigment will not show the color (Figure 12-8).

A phosphorus shorage may delay maturity of several crops, including corn, cotton,
soybeans, and others. Some crops, such as carrots, develop peor root systems, On the
other hand, excess soil phosphorus ties up several plant nutrients, such as iron.

POTASSIUM

Potassium, often called potash, is a key plant nutrient. Plants consume more potassium
than any other nutrient except nitrogen, and some plants, such as Kentucky bluegrass,
may use more. Mo organic compound in a plant contains potassium, but many life pro-
cesses need it. Potassium is dissolved in plant fluids; as the major cell solure, it regu-
lates many functions related o osmosis. These include:

Figure 12-8

Greenhouse gerankems show
classic phosphorus deficiency
symptems. The deficlent plant
on the right is stunted and dark
green with purpling of the older
leaves, The symptom may

result from low soll phosphorus
or cold soll inhibiting
phosphorus uptake,
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Potassium and Stomata

When a plant becomes water stressed, or the leaves receive a signal from roots

that soil is dry, guard cells expel potassium ions, Their osmotic potential rnses, and
osmotic pressure “sucks” water out of the cell. The guard cell becomes more flaccid,
and the stomatal opening closes. Under reverse conditions, companion cells next to
the guard cells purnp potassium ions into the guard cells, whese asmotic patential
falls, water swells the guard cells, and stomata open. Other ions such as chlorine also
play a role in the operation of stomata,

= Opening and closing of leal stomata (osmotic process relimed (o potas
sium ions regulate the guard cells), which controls water loss by franspi-
ration and the exchanpe of oxvoen and carbon dioxide with the atmo-
sphere. Low potassium is associated with water stress i plants,

* Osmotic uptake of water by roots, necessary for keeping the plam
well suppliced with water, This also contributes (o water stress in
low-poiassivm plants.

+ Providing cell pressure that increases the size of plant cells, and
thus, growth.

Potassium is instrumental in moving sugars produccd by photosynthesis within the
plam, so is important in ripening of fruits such as apples or tomatoes, For mstance,
muskmclon Gils o develop proper sweetness when not supplicd cnough potassiom,
Because structural carbobydrates such as cellulose are made from sugar, potassiom is
necded to create the dry mass of cell walls, fibers, and sther sources of plant strength,
Potassium also activates a number of plant enzymes.

Fotassium and nitrogen in proper balance stimulates a less succulent growth with
greater dry mass. This produces a stronger, wougher sort of growth. Indecd, in many
respects, potassiom can be said o balance nitrogen. For instance, high nitrogen and
low potassium increases water content of perennial rvegrass, reducing its winter hardi-
ness,” A proper balance also strengthens stems, reducing lodging. Plants well supplicd
with potassiom tend o resist disease infections. The effect of adeqguate potassium on
turfprass summarizes the imporiance of potassivm: well-fied plants are less disease
preme, more winter hardy, stand up better, and better resist wear and tear,

The more potassium in soil, the more plants take up. However, there is no evi-
dence that supplying potassmm bevond plam necds will additionally increase hardi-
ness or toughness. In addition, excess potassium uptake may inhibit uptake of calcium

ar mMagnes i

Forms of Potassium in the Soil

Weathering releases potassium ions into the seil solution from a number of come-
mon minerals such as feldspoars and micas, This on can be casily taken up by plant

MWebster, By, of al (20050 Fifeos of niteogen and patassiom ferdlization on perennial ryegrass cold tolee
aniw dduring deacclimation in Lae winter and early sprang, flerfScionor, $0, 8428495,
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rocls. Little potassium hecomes part of soil organic matter, 30 most is stored in soil by
adsorption and fixation.

Potassivm ions bear a positive charge and so are adsorbed on soil colloids, In most
mineral soils, a few pounds of potassium are dissolved in the solution of an acre of soil
atany one time, In contrast, several hundred pounds per acre of exchangeable potas-
sivm occupy cation-exchange sites.

Potassium can also be fixed by certain 2:1 clays, trapped between the 2:1 layers, as
shown in Figure 12-9 This potassium can be released slowly if potassium concentra-
tien in the sail solution declines. Montmorillinite clay layers are so0 loose that potas-
sium ions can enter angd leave easily, allowing potassium to remain available. Figure
12=10 shows the forms of potassium.

Movement in the Soil

Potassium moves more readily in soil than does phosphorus, but less readily than
mitrogen, Recause potassium is held on clay or other colloids, it is least mobile in fine-
textured soil and most readily leached from sandy soils.

Most plant uptake of potassium occurs by diffusion. Because the element moves
more readily than phosphorus, fertilizer placement is less crucial.

Stored Potassium Available Polassium

Weathering
: Solution
e ‘: K"
Fixation
i Cation
axchange
Adsorbed K'
axchangeabls ¥

K CRe) (e ) (K

Vermiculite iille

Mantmorillinite

Figure 12-9

Potassium fixation occuwrs when
potassium bong are trapped be-
tween the 201 Layers of illite and
vermiculite, The layers of mont-
marillinite open up so potassium
does not get trapped.

Figure 12-10

Potassium comes from weather-
ing af minerals such as feldspar,
Soil stores potassium by adsorb-
ing them an soil colloids and
fixing some in certain

clay particles.



Syrnpioms of potassium de-
ficiency In cotton, as in many
planis, include yellowing or
hn;mning of leaf m.:nrgin:..
[Courtesy of Pofash and
FPhosphate insiifure]

Deficiencies

Growers see polassivm deficiencies less often than those of other primary nutrients.
Shortages ocour primarily in sandy, heavily leached soils, especially if irrigated, or in
organic soils. Over fertilization with nitrogen can cause plant tissues 1o Lack potassium.
B3y, cold, or poorly acrated soil may also slow uptake. Potassium uptake is most rapid
near neotral pH.

Plants show a lack of potassium by a “marginal scorch.” or burnt look on the edges
of the lower, older leaves (Figure 12-11) This symptom can be casily mistaken for
moisture shortage during hot dry weather or for salt damage. In some cases, the mar-
gins merely turn yellow,

SECONDARY NUTRIENTS

The three secondary elements—calcium, sulfur, and magnesium—are just as important
as the primary elements, but are less commonly a problem and less commonly used in
fertilizers, We will begin our discussion with calcium, which is actually used in greater
amounts by plants than the primary element phosphorus.

Calcium

Caleium, the nutrient used in third greatest amounts by most plants, is a critical com-
ponent of both cell walls and membranes. In cell walls, much is found as calcium
pectates, located especially ina layer in the outer part of the cell wall where it lends
strength (Figure 12-12). The crispoess of apples, for instance, derives from a high cal-
cium pectate content. Pectins are the same materials used to jell preserves, and one
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Rookhet
Rool calls
Raoot hair
! —— Calcium pectale layer
. {shown only for this cell)
Figure 12-12
== } Coll wall (Cellulose) Calcium pectate lends strength to cells
o | and “gluees” them together, asin this
.-"—"‘)I raot hair, Calcium it important for cell
| 1 wall and membrane integrity as well as
halding adjacent cells together

can make jellics using apple pectins. Calcium: also stabilizes plam cell membranes to
previenl El':-lkil“.'.‘u"{.

By enhancing the integrity of cell walls ancd membranes, and' also by inducing
formation of stress-protective proteins in plant cells, calcium increases stress resis-
tance in plams. For instance, a 2005 stucdy showed that fall fertilization with caleiom
nitrate, but not other nitrate fertilizers, improved both hardiness and salt resistance in
urban trees.®

Calcium also plays a role in protein formation and carbobydrate movement in plants,
anc plays a signaling, or regulatory, role in several plant functions—like directing roots
o proow down rather than up. It also largely controls soil pH and helps soil aggregation.

Because of its role in cell walls and membranes, calcium shortages present the great-
est problems where cells are actively dividing and enlarging, such as root and shoot
tips (Figure 12-13) and developing fruit, Calcium moves poorly in the plant, tending o
be bound to cell walls, and moves entirely via water in the transpiration stream. Organs
that receive little water via the transpiration stream, such as developing fruit, are prone
o calcium deficiencies. Calcium deficiencies also commonly ocour during conditions
that reduce transpiration, such as cool, humid, cloudy weather or the highly humid aic
that can occur inside a greenhouse. Calcium shortages in specific plant organs often
relate 1o problems with translocation in the plant rather than calcium content of soil.

Calcium shortages ocour rarely in most agrenomic crops, particularly in grass family
crops, which have low caleinm requirements. However, many horticultural crops com-
monly experience challenging problems. Most familiar to home gardeners is blossom
end rot of tomato and pepper, in which cells at the blossom end of the fruit (furthest
from the stem where water Chence calcium) enters the fruit) collapse and rot. Other
vexing problems include bitter pit and water core in apples, bhract burn in poinsettias,
Black-heart of celery, or leaf burn in lily. Calcium shortages also impaie storage of hor-
ticuliural products.

"Percival, G, & Bames, 5. (20050 The inflluence of caleiim and nitrogen fertillization on the freezing and
salinity teleranoe of two urban tree spocics. fenenal of Arboricaliuee, $HE, 1020,
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Calcium
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A} Potato grows nosmally in this hydroponic nutrient study when supplied with calcium. (B) Shoot tips die in the calclum deficient plant, where celis
are actively dividing. The new cells lack strong cell walls and membranes, If roots were examined, their tips too would be dead. (Cowrtesy of Carf Rosen,
University of Minnesora)

These problems often relate to water stress, and actions 1o reduce water stress, like
mulching tomatoes, are helpful. In greenhouses, increasing the transpiration rate by
reducing humidity and increasing air movement helps. Foliar sprays of calcium chloride
ar nitrate directly on sensitive tissue is a common solution. Incorporation of gypsum
inte potting mixes or soil may also reduce problems. Try it on potted omato plants,

Soil calcium content figures prominently in health and productivity of natural eco-
systems, for a varety of complex reasons. An example familiar to fly fishermen is the
high productivity of trout streams with lots of dissolved ealcium (limestone streams),
which comes from land surrounding the stream.

Calcium relations in planis also impact human diets. Much of plant calcium is tied up
in forms unusable by humans. Those who cannot or do not consume dairy products
must rely largely on vegetable sources, and care should be taken to find foods with
more available calcium conmtent, such as green beans,

Calcium comes from weathering of common minerals including feldspars, limestone,
or gypsum. These materials are 50 common that most soils contain enough calcium
to supply most plant needs. Calcium is neither fixed in the soil nor held in organic
matter. I s the main occupant of the cation-exchange complex, and calcium storage
depends on cation-exchange capacity (Figure 12-14). In fields, calcium shortages are
most likely on irrigated sands, acid soils, or where excessive potassivm levels inhibit
calewm uptake.

L]
Magnesium
Magnesium resembles calcium chemically and in its action in soil. Its role in the plant
differs, however. Magnesium is the essential ingredient in chlorophyll—cach molecule
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has one magnesium atom at its center (Figure 12-15). Magnesium also aids the uptake
of other elements, especially phosphorus. Like potassium, magnesium activates a num-
ber of important enzyme systems, Magnesium is involved in protein, carbohydrate, and
fat synthesis, as well as a wide range of other compounds. Deficient plants offer less
resistance o drought, cold, and disease,

Magnesium weathers from minerals as a cation (Figure 12-14). However, clay holds
magnesium less strongly than calcium, so it is more easily leached. As a result, low-
magnesium soils are more common than low-calcium soils. Highly leached coarse soils
are most likely o need fertilization with magnesium, especially if treated with low-
magnesium lime. High levels of soil potassium may also induce a magnesium shortage
in plants.

Hunger signs result from low levels of chlorophyll, These include interveinal chlo-
rosis (Figure 12-10) and mottling of older leaves. Forage low in magnesium can cause
grass tetany disease in cattle.

Sulfur

Crops need less sulfur than the other macronutrients, but it is still a erucial nutrient.
Several proteins include sulfur, and it is needed for making chlorophyll. 1t aids nodu-
lation of legumes and seed production of all plants. Overall, sulfur improves protein
and chlorophyll content, stress tolerance, animal nutrition, and the appearance of plant
products. Alfalfa, members of the mustard family (including cabbage), and members
of the onion family need much sulfur. The pungent flavors of those plants derive from
sulfur compounds.

Most soil sulfur comes from the weathering of sulfate minerals such as gypsum.
The sulfate anion is the form used by plants. Organic matter contains 70 percent to
90 percent of the soil sulfur; it is neither adsorbed nor fixed to any degree. Because it
is readily leached, surface layers of soil are often low in sulfur. Figure 5-7 reviews the
sulfur cycle.
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Interestingly, acid rain supplies sulfur in many areas, In many parts of the country,
sulfur from acid precipitation has been reduced by burning low-sulfur coal and by
better clean-air controls on exhaust stacks, Older fertilizer types contained sulfur as a
by-product of their manufacture. The fertilizers that are most popular now are much
purer. Because pollution- and fertilizer-supplied sulfur have both been reduced, short-
ages are increasingly common. Leached and low-organic-matter soils are likely candi:
dates for sulfur shortage. Soils high in organic matter or soils located near industrial
centers are least likely 1o be short of sulfur.

Plants that are short of sulfur may be stunted and older leaves will be pale green,
like those of nitrogen-deficient plants.

Trace elements, or micronutricnts, play many rolés in plants, many difficult 1o describe
without knowing plant chemistry. Most micronutrients are classified by chemists as met-
als. These metallic trace clements, with the exception of molybdenum, will be treated
in this section. Soil molybdenum behaves very differently than these other merallic ele-
ments, and so will be covered in the next section,

Metallic trace clements interact with special molecules, called enzymes, that control
important biological reactions. Enzymes are “keys” that activate biclogical reactions
in living systems, They are not consumed in the process, but are reused repeatedly.
Therefore, very little of the cnzyme is needed, hence litile of the associated trace ele-
ment is required. Without this tiny amount, however, important processes suffer,

Omn the other hand, an excess of a trace clement can be woxic o plants or animals
feeding on them. The difference between cnough and wo much can be narrow. Grow-
ers should apply trace elements with caution, after proper soll and tssue testing,
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Metallic trace elements have certain similarities. They are taken up by planis as
simple cations, like the ferrous ion (Fe™ ). These are listed in Figure 10-1. Much of the
metallic micronutrient soil content is held in the soil as compounds like oxides and
hydroxides of low solubility, and their improved solubility at low pH is 2 reason they
are more available in acid sodl.

They also form complex metallic-organic molecules called chelates, in which a
metal ion is surrounded by a large organic molecule. Chorophyll itself is an example of
a chelated magnesium (Figure 12-15). In the soil, humic acids act as chelating apents.
Chelates are an important form of storage for metallic fons, and in this form they are
sommewhat protected from being tied up by other chemical reactions, though in some
situarions, chelation itsell may tie up 2 micronutrient, Artificial chelates are also used
as micronutrient fertilizers (Chapter 14).

As cations, metallic trace elements also adsorb to colloid surfaces, and typical cation-
exchanpge stores and makes them available 1o plants.

iron

from, the trace element used in the greatest amount by plants, is part of many enzymes
necessary in the formation of a number of chemicals, especially chiorophyll, Iron com-
pounds also transfer electrons during many of the reactions involved in respication
and photosynthesis.

Iron minerals are widespread in soil, Most soils have sufficient iron, but much is in
the form of insoluble compounds, such as ferric hydroxide, Fe(OH),, Humus chelates
iron in the soil. Interestingly, some soil microbes living in the rhizosphere emit com-
pounds that chelate iron, probably improving iron uptake by plants,

The solubility of iron compounds relates directly to pH, declining about 100 times for
each rise of 1 pH point. Acid-loving plants suffer iron shortages when phl rises above
5.0 or 0.0, while many plants become deficient at higher pH. Sorghum, soybeans, and
flax are field crops sensitive o an iron shortage. Tron hunger is most likely in alka-
line or calcarcous soils, or with excesses of phosphate, zinc, copper, or manganese,
Anything that inhibits nutrient uptake, such as cold, wet soils, or drought, may induce
iron deficiencies.

Iron chlarosis is the usual symptom of iron hunger, It is easy (o see as an finfer-
vefreal chlforosis on new, growing leaves (Figures 10-2 and 11-18) While leaf veins
remain green, tissue between the veins becomes light green or yellow., In trees, branches
begin to die back. Fruit and ornamental crops commonly show these symptoms.
Examples incluce azaleas, pin oaks, and blueberries.

Various treatments are available to overcome a lack of iron: (1) soil pH can be low-
ered 1o free the iron; (2) soluble iron compounds such as iron sulfate may be mixed
into the soil, sprayed on leaves, or even injected into the trunks of trees; (3) artificially
prepared chelates may be used in the same way; and (4) animal manures can be mixed
into the soil.

Manganese

Manganese resembles iron in thot weathering releases o cation tha is tied up in non-
acid soil. Manganese acts with iron in the ormation of chlorophyll. Manganese speeds
seed germination and crop maturity and helps plants take up several other nutrients.
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Imterveinal chionosis as a man
ganese deficiency on raspbamy.
(Cosirtesy of Card Rosen, Linfwersiny
of Minnesoda)

Manganese deficiencies are usually scen on calcareous soils or on soils that have
been overlimed. Dwarfing is a common symptom of mangancese deficiency, accompa-
nied by interveinal chlorosis of middle to yvounger leaves (Figure 12=17). Sometimes,
flecks of dead tissue appear in the leal, When soil pH is below 5.0, so much mang:-
nese may be free that it reaches toxic levels.,

Deficient soil can be treated by mixing manganese sulfaie inio the soil, Lowering
pH by applying sulfur may alse be helpful. Leaves may be spraved with a solution of
manganous sulfate or chelate. Oats, sovbeans, sugar bects, and several vegetables are
most likely to respond to manganese treatments. Liming cures manganese toxicity in
acid soil.

Zinc

The zinmc cation is weathered out of soil minerals, where it can be adsorbed, form a
chelate, or form slightly soluble zinc compounds. Several biological reactions use zing,
including chlorophyll and protein production. Zine also controls the synthesis of a
plant hormone, indoleacetic acid, that stimulates plant growth.

Low zinc levels are widespread in many crops, including beans, corn, and rice, and
pecan on alkaline soils, Some nutritionists have voiced fears that these shortages could
be passed on to human consumers, The symptoms of zine deficiency in plants are
quite varied but include tight growth of small, closely spaced leaves, interveinal chlo-
rosis, and dead spots on leaves,

Zinc is most available in acid sail, least able on alkaline or recently limed soils.
Soils that have lost topsoil by leveling, terricing, or erosion may also be poor in zing,
Low levels may also appear on very coarse soils, becouse the parent materials lacked
zinc and the soils tend 1o be low in organic matter. Cold soils or excess levels of phios-
phate inhibit uptake. Like iron, a lack of zine can be treated by fertilizing soil or spray-
ing foliage with zine compounds or chelates. Sewage sludge is an excellent source of
zine (see Chapler 15),
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Nicke

sickel is the most recently identified essential element, and one needed In the
least amounts. It is required by plants and microorganisms for the proper metabo-
lism of the simple nitrogen compound urea and perhaps other uses. While deficien-
cies are rare, a symptom of tiny leaves called monse-ear has been observed on river
hirch and some other trees. Nickel can be toxic to biclogical systems at relatively
low levels.

ANIONIC TRACE ELEMENTS

While plamts acquire the metallic trace elements as cations, the following elements
behave as anions, Molybdenum, while a metal, behaves as an apion as well. As anions,
they do not participate in cation exchange. Storage is mostly in organic matter.

Boron

Boron exists in the soil largely as boric acid, HyBO,, which is taken up by plants anc
gathers in organic matter near the soil surface. Fixation at high pH and leaching limit
the amount of boron plants can use. Shortages sometimes appear if a soil is overlimed.
Conditions that limit organic matter decay also limit the amount of friee boaron.

While the functions of boron are still not well understood, a number of functions
have been proposed. Unlike other trace elements, it does not appear to be involved
in any enzyme system. It does appear (o be important in cell wall and cell membrane
integrity, so, like calcium, deficiencies cause collapse of shoot and root tips. Regulation
of carbohydrate metabolism, protein synthesis, and other roles have also been indi-
cated. Short of boron, pollination may suffer.

Boron deficiencies are fairly widespread on alkaline soils that limit its availability,
in high rainfall areas where it leaches readily, and under drought conditions that Ii.mi';
uptake. There is a wide range of deficiency symptoms, many e
ened cell walls, A shortage of boron often appears as e uf‘u;,., : I.-I 5 |E -
by tight, bushy growth, known as rosette growth. Thick fleshy minz uds, 011{:1.\1_.
flower stems may crack, become hollow (Figure 12-18) ! tlgucs such. 45 caulk
black-heart symptonm. v and begin 1o rot, causing a



Black-hieart of cauliflgwén is one
symptom of boren deficiency.
{Courresy of Carl Rosen, University
of Minnesom)
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Boron toxicitic
of paremt materials rich in boron or where irfigation water con
tends o migrate to leafl margins, where it may cause marginal vellowing and cupping
(Figure 12-19), Many indoor foliage plants are especially sensitive, and should not be
fertilized with materials containing boron.

s are also relatively common in arid and semi-arid regions with soils
15 boron, Boron

A number of boron fertilizers may be applied to the soil or sprayed on plant leaves.
The oldest form, the common laundry product borax, may be applied at the rate of 4
few pounds per acre. However, the window between sufficient boron and too much
boron is narrow, and even slightly high boron levels hurt plants, so it should not be
used without first testing the soil.

Molybdenum

Molybdenum, the nutrient with the smallest plant requirement except nickel, is neces-
sary for proper nitrogen metabolism by plants and for nitrogen fixation by both symbi-
otic and free-living bacteria. Molybdate, MoO;*, pathers in soil organic matter. Unlike
other micronutrients, it is most available at a high soil pH. Shortages are most common
on acid, leached, and low-organic-matter coarse soils, as well as acid peats.

Severdl crops, in addition o legumes, respond o trestment. Crops in the mustard
family are especially sensitive, Whiptail of cauliflower, for instance, results from a
lack of molybdenum. An ounce of a soluble molybdenum material, often mixed with
an acre of deficient soil. Frequently, liming re-

phosphate fertilizer, will usually tre:

leases enough of this teace element o cure shortages.

-
Chlorine

Chlerine is a common substance on the planet, found everywhere to some degree. 1S
compounds are highly water soluble and easilv taken up and translocated by plants,
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which necd very little of it. Not surprisingly, chlorine deficiencies are very rare, maost

commonly found in palms, which have a higher requirement than most pl:

Chiorine is mainly found as the simple chloride (C17) anion in both soil and plants.
Its biological role is not well understood, but it seems to act as a solute along with
potassium in certain plant roles, such as guard-cell functioning. As a consequence, it
is needed for controlling the opening and closing of leaf stomata. It also plays a role
in photosynthesis,

Most plants actually contain more chlorine than they really necd, and toxicity is a
bigger issuce than deficiency. In salted soils of arid regions, and in potted plamts, chlo-
rine toxicity can occur in such sensitive species as most fruit trees, bean, and cotton.

BENEFICIAL ELEMENTS

A number of ather elements contribute to nutrition of certain plants, though they may
not be currently considered universal essential elements. In fact, they can be quite
important in the nutrition of some plants.

Cobalt, considered to be an essential element by some, is needed for nitrogen fixa-
tion. In a sense, it is an essential element for nitrogen-fixing bacteria, This makes cobalt
an important element for legumes and other nitrogen-fixing plants. There 15 some evi-
dence that it plays some other role in nitrogen metabolism in legumes besides fixation.

Silicon is needed by some grasses and horsetail (Equisitiem sp, especially wetland
grass species. These and a few other plants are Known to accumulate silicon. Adequate
silicon is needed for best vields in rice and sugarcane. Research also shows that high
silicon content strengrhens cell walls and reduces disease infections and insect attack.
It also appears to have some protective effects against manganese toxicity,

Figure 12-19

Yollowing and cupping of

leaf margins ks a symptom of
baron toxicity on cauliflower.
(Courresy of Carl Rosen, Umiversity
of Minnesota)
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Sodium appears o be required for many plams native to sodivme-rich soils. Plams that
necd sodium also include species that have special types of photosynthesis adapted 1o
hen, sunny climates (C, and CAM photosynthesis). These include eacti, succulents, and
many warm-season grasses such as corn and sugar cane. In some plants, sodium can
have a variety of beneficial effects and can substitute for some potassium; in others,

sodium can be toxic,

SUMMARY

The 14 mineral nuirienis perform many important
tasks in the plant, OF the major elements, nitrogen pro-
motes rapid succulent growth. Phosphorus gives early
root growth, blooming, and resistance to pest

and weather damage. Potassium lends toughness,
strength, and pest resistance. Plants need a balance

of these three nutrients for strong, vigorous, and
healthy growth.

Anyone who grows crops should know how nutri-
ents behave in the soil. An important consideration,
for instance, is how a nutrient is stored in the soil.
Some nutrients, such as nitrogen and boron, are stored
predominantly in erganic mattér. Some nutrients, such
as calcium and magnesium, are adsorbed primarily on
soil colloids, Many nutrients are part of slightly soluble
compounds, including phosphorus and iron, Many trace

REVIEW

Prepare a table with four columns for the four
major pools of nutrients in the soil. Place each of
the macronutrients in the correct columns. In the
s0il solution column, write the chemical form the
nutrient is in.

2. Spil professionals whose hackground is agronomic
often consider calcium deficiencies an uncommon
problem, but horticuliurisis deal with them often.
Explain the difference.

L

Compare and contrast the roles of the primary
macronutrients in top growth, root growth, flower-
ing, hardiness, toughness, and pest resistance.

4. How is nitrogen lost from the soil* How can these
losses be reduced?

5 This chapter mentions a relationship between
nitrogen and potassium that influences strength
and toughness of plant tissue. Describe a couple
of examples.

elements, like copper, react with organic matter in the
soil to form chelates, Most nutrients are found in several
of these forms.

Other important traits of nutrients include their
solubility and mobility. The solubility of most nutrienis
depends on pH. For example, phosphorus compounds
are most soluble between pH 6.5 and 6.8, Highly maobile
nutrients, such as nitrate nitrogen, can leach easily from
the soil. Elements that move only a short distance, such
as phosphates, must be placed where roots or seeds
will use them.

Plants grow best when each nutrient is present in the
right amount. A lack of any one nutrient causes poor oF
abnormal growth. In addition, plants need a balance of
nutrients. To achieve this balance, soil testing should be
completed before fertilization is siarted. .

6. If you go to a garden center and look at boxes of
fertilizer designed to stimulate flowering, vou will
find extremely high phosphorus contents. 15 such a
fertilizer essential for good flowering?

7. Once, while on a tour with a forester, the
author noted an cak tree badly infected with
a leaf fungal disease called anthracnose. The
forester thought that the cool, wet spring hacl
caused a calcium shortage in leaf tissue as the
leaves were expanding, disposing the leaves o
attack. Explain.

&, Potassium, and w a lesser degree, chlorine, are
invalved in controlling water loss in leaves, Why
is this?

You want to fertilize a large tree with nitrogen,
phosphorus, and potassium (NPK), Discuss the
importance of fertilizer placement for each of these
elements for successful fertilization,
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10. Some elements move readily in the plant, and 12, It has been recommended 1o homeowners who
when deficiencies occur, the plant moves those da not like pesticides to treat creeping Charlie
elements out of the older leaves into new growth, (Glechoma bederacea) in the lawn with borax
Deficiency symptoms thus tend 1o occur on old which can be bought in Y BrOcey shire A
leaves first. Other elements do not move so read- Why might this work? Why does it make this
ily, and symptoms occur on new leaves first, Go author uneasy?
through this chapter and categorize the nutrients on
this basis. 13. Both Chapter 10 and this one describe reasons

why plants growing under low light should be

11. Excess amounts of many nutrients can also have fertilized less than those in full sun {especially
negative consequences on plant growth, Describe with nitrogen), What are those reasons?

several examples.

ENRICHMENT ACTIVITIES |

1. Color images of nutrient deficiencies for a number of crops are available on the Internct at <hup:/fwww hbei,
com/~=wenonah/min-def/list. htm=, These are older images taken from plants growing in sand culture,

2. Using the image function in a Web browser should also obtain images of nutrient deficiencies for various crops.

3. The NPK content of the tissues in many crops ean be found at: <htip:/fwww.nres.usda goviechnical/ECS/
aulrient/thb2, himls, Compare the NPK content of alfalfa hay to small grain straw, Using information on the site,
caleulate how much NPK is removed From a field in each ton of corn silage.

4, For more informarion on the fate of nutrient ions in the soil, try this Web site: <http/wwwuogedufeals/site/
userssoil/soll/fertft2a. htmi=.

5. A Web site on nitrogen fixation is found at: <http:/fwww.physicalgeography.net/fundamentals/9s>. This site
lists some environmental consequences of human disturbance of the nitrogen cycle, covered in this
text in Chapter 15,
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et and Testing

After completing this chapter, you should be able to:
- explain why soils are tested
- sample soils correctly
« describe soil testing
« interpret soil-test reports
« axplain how plant tissue tests are used

Fertilizing can increase yields, and increased crop yields add o a grow-
er's income. However, because fertilizers cost money, a grower must use
the amount that is most profitable. IF too little is applied, the most profic-
able vields will not be obtained. If a grower, or gardener, or golf course
manager applies oo much, nutrients can run off into streams or leach
into groundwater, creating environmental problems. How does a soil user
know how much fertilizer to apply for the best return at the least environ-
mental risk? Sampling the soil, and testing the sample, or testing samples
of the plant itself, can provide answers.

WHY TEST SOILS?

Figure 13-1 shows a siylized relationship berween nutrient levels in the
plant tissue and productivity, divided into four levels:

* LEVEL I: DEFICIENT. The nutrient is clearly deficient; growth
and productivity are affected. After the missing mineral is
applicd, growih response is strong and profitable,

= LEVEL 11: SUFFICIENT. A critical level is reached that satis-
fies plant needs. More fertilizer may increase yields slightly,
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100% -

Yield

Figure 13-1
The yield of & crop i directly
related 1o the nutrient level of

i i the soil, Festilization is most
I T profitable for crops in Level 1.
‘ - Mote: | = deficient; Il = satisfac-
Sail test nutrlent leval tory: Hl = optimurm; IV = tesic,

but not enough to pay for fertilizer. Growers may fertilize to replace
nutrients lost in harvest.

* LEVEL I1I: HIGH. Nutrient levels are high, yvields are maximum. Additional
nutrients would be stored in the plant {I.uxur:,.r consumption). Fertilization
could also shift the plant to Level 1V or contribute to water pollution,

* LEVEL 1V: TOXIC, Mutrient levels in plant tissue are so high as to be
toxic, or an excess of one nutrient induces a shortage of another, Yields
decline. This level presents great potential for environmental pollution.

The most economically efficient and environmentally sound level of fertilization is
somewhat less than that needed for optimum harvest. Overapplication of fertilizer is
always an economic waste, creates environmental problems, and may create other
nutrient difficulties. Therefore we need a system for determining the need for, and
amount of, fertilizers, whether growing corn in the field, turf on the playing field, or
geraniums in the greenhouse.

Growers can use three methods to find nutrient shortages in plants:

+ Visual inspection of crops for deficiency signs may uncover clear
shortages (Figure 13=2). Unfortunately, this method notes only critical
shortages after yield damage has occurred. In addition, visible symptoms
may be vnreliable. Chlorosis, for example, may result from low nitrogen,
nematode feeding, dry or salty soil, diseases, or other problems unre-
lated to soil nutrient levels. Deficiency symptoms are also very species
dependent; that is, a shortage may look very different on one plant than
another. This complicates visual diagnosis. Nor does visual inspection tell
us how much nutrient to apply.

Soil rests measure nutrient levels in soil as well as other soil features.
Growers depend on these tests to determine lime and fertilizer needs
for crops. Soil tests have limits, however. Conditions that affect nutrient
uptake, such as wet soils, cannot be detected in the laboratory.

Tissue testing measures nutrient levels in plant tissue itself. This type of
testing may uncover problems that soil testing misses.

OfF the three methods described, soil testing is most imporant for a majority of
crops, especially annual farm crops.




Two geranium plants with dif-
ferent nutrient deficlency symp-
toms. Growers watch for such
symploms (o moniter nutritional
status of crops, but by itsel, this
is not adequate. Sodl and tissue
testing can be used 1o determine
the cause of these Symploms.

Chapter 13

SOIL TESTING

in a broad sense, soil testing is any chemical or physical measurements that are made
on soil. In common usage, the term means rapid chemical analysis to assess available
nutrient stames and pH of soil including interpretation and fertilizer recommendations.

Four separate activities are involved in soil testing. (1) Soff sampling: the grower
samples the soil and sends the sample to a wsting center. (2) Soil testing: the laboratory
tests the sample and obtains raw numbers, (3} fnterprefation: the laboratory interprets
the numbers in light of prior research results such as yield trials at different nutrient
levels. (4) Recommendation: the laboratory issues a report with the results and recon-
mendations for the grower. Let us first look at soil sampling.

Soil Sampling

Soil laboratories use the most modern testing methods and tools. However, the mate-
rial to be tested is the sample provided by the grower. This means that test results
aré no better than the sample itself. Sampling methods are described here, but local
recommendations may vary., Ask the local testing center or Cooperative Extension
agent to recommend the best sampling method for your arca.

Sampling Frequency

Frequency of soil testing depends on the crop and how it is grown. For most
annual farm crops, sampling every two or three years should be adequate. Intensive
crops such as fruits or vegetables benefit from annual sampling, and greenhouse crops
are tested even more ofien. Soils should be tested hefore any crop is planted that
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occupies the soil for longer than one season, such as turf, trees, or perennial forages.
This practice allows the grower to mix potash and phosphate into the soil, or to adjust
pH, before planting,

Any change in cropping practices should be preceded by thorough soil testing. For
example, if a grower intends to shift from regular to conservation tillage, the sail
should be rested before the liest year. A grower changing crops, such as a corn grower
trying out sunflowers, should also test the soil before planting the new crop.

Growers may sample soil whenever it is not frozen. Fall is probably the best
time, because the grower can then use the winter months 1o respond to the results and
order fertilizer.

Selecting the Sampling Area

Land should be divided into sampling areas of uniform texture, topography, and crop-
ping history, For example, a coarse-textured field should be sampled separately from
a mearby line-textured feld, IF half a field received manune last year and half did not,
each section should be tested separately. Sampling areas vary in size from a homeown-
er's garden to a maximum of 20 acres on farm fields. In practice, uniform areas seldom
exceed 10 acres in size, Some labs recommend using a soil map to determine sampling
areas, keeping cropping history in mind.

A sampling area will be fertilized or limed as a unit, vsing the same rate throughout
the area, In truth, however, even in a seemingly uniform sampling area soil varies from
apot to spot. To account for this, we take many samples from around the field to create
a sample representing a satisfactory average. We take many samples from random spots
in the sampling area and combine them for a composite sample, as described below,

Depth of Testing

For ficld crops grown by conventional tillage, the top 6-9 inches of soil should be
sampled. For no-tll systems, a special pH sample should be taken from the wp
2 inches to test an acid layer that forms at the soil surface. For the ridge system of
reduced rtillage, samples should be removed from the sides of the ridges. Chapter 16
describes these tillage systems.

Sod or pasture necd only be sampled to a 2-3 inch depth. Tree crops, on the other
hand, may need to be sampled as deep as 18=24 inches. Testing laboratories suggest
that nitrogen tests be made on samples taken as deep as 3 feet. The deeper samples
measure how much nitrate is in the subsaoil.

Sampling Procedure
For each sampling area, follow these procedures:

1. As shown in Figure 13=3, gather many topsoil subsamples from random
spots in the field. Take samples no closer than 100-300 feet from such
odel areas as dirt roads, barns, or fencerows, Also avoid dead furrows,
fertilizer spills, and other spots with unusual conditions, Large areas
need 15 or more subsamples.

2, Scrape away surface litter at each testing spot and remove o sample of

the soil. Augers or soil-sampling tubes (Figure 13-4) are convenient
sampling tools. A spade can also be used, Dig a V-shaped hole, remove

B

=]
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When taking soll samples, up

ta 15 subsamples should be
taken ot randam locations,
Awoid sampling low spots and
other unwswal areas. Min these
subsamples to form a compasite
sample. [University of Minnesota,
Agriculiural Extension Service)

Using a probe to sample sall in
a banana plantation in Hawaii.
(Cowrtesy of USDA, Natuval

Resources Conservation Service)

a 0.5 inch slice from the side of the hole, and shave away most of the
sample on the blade as shown in Figure 13-5. Each soil sample should
include soil from the entire sampling depth. Drop cach soil sample in a
clean plastic bucket as it is collected,

3. Mix all subsamples from one sampling area, and remove about one cup
of soil. This composite sample represents the average soil in the field,
Label the composite sample and let it dry in the air. Do not oven-dry
the sample.

4. Fill a mailing container with the dried composite sample, Mark
the comainer according to the instructions provided by the testing
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Soil ube Soil auger Spade

(4 i8) {ch (o)

center, Complete the sample sheet (Figure 13=0), including the
intended crop, production goals, cropping history, and other
necessary information,

5. Mail the samples to the laboratory, or deliver them to the lab or county
extension agent. The sample containers and sheets can be obtained
from the soil Iaboratory or extension agent.

Sampling Greenhouse and Container Plants

The fertility program for greenhouse and container plants is very different from the
plan for field crops. Field growers depend mainly on nutrient reserves in the soil, such
as organic nitrogen or exchangeable porassium, and fertilize to add the extra nutrients
needed for best growth.

Container growers, in contrasl, use potting mixes (Chapter 17) that contain essen-
tially no mutrient reserves. Thus, all nutrients the plants need must be supplied by
fertilization. This need is increased by the small soil volume, high watering rates, and
soluble salt problems of greenhouse plants.

Greenhouse or container soils should be sampled before being planted to the crop.
They should then be wested periodically during the growing period. The soil should
also be tested at any sign of a growth problem. In sampling potted plants, the wop
0.5-inch medium, which is likely to be high in salts from capillary rise, is first seraped
away, A core of soil is then removed. The core must include soil from the top to the
bottom of the pot or flat. Several containers should be tested, perhaps six to a bench,
and composite samples prepared. Beds or benches should be tested to 8 inches or to
the depth of the bench,

Sampling in Precision Agriculture

Pracision agriculture, or site-specific management are terms naming a management
system that relies heavily on exhaustive soil sampling. The system recognizes that soil,
even over @ seemingly uniform sampling area, varies from spot to spot. In the standard
sampling described above, we account for this by finding an “average condition,” but
this assures some arens will be provided more fertilizer, or lime, or some other input
than needed, while other areas receive too little, By more precisely accounting for field
variation, precision agriculiure aims to reduce production inputs, increase production,
amd reduce pollution. S

Fragure 13=5
Soil samples ean be taken to the
plow depth using (A) a soil probe,
(8] a soil augur, or () a coms

mon spade, In uiing a spade, a
0.5-inch slice of soll Is taken from
the side of a trlangular hole. As
shown in (&), mostof the soll in
this sample is rermoved (o leave a
1-inch strip on the blade,
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Precision agriculture begins by imposing a grid of smaller cells over a field. While
one might begin with a soil map, the grid is formed using a Global Positioning Sateflite
(GPS) system, computer, and Geographic Information System (GIS) software, Various
iypes of information abowt the conditions in each cell can be stored in the computer,
but here we are concerned about soil-test information. Composite samples are gath-
ered for each cell, tested, and entered into the computer. Later, with a GPS unit in the
tractor cab (Figure 13<7), fertilizer can be applied at variable rates as it traverses the
field, using fertilizing equipment with pariable rate techrology.

A second element of precision agriculture is gathering yield data from each cell using
vield monitors attached to harvesters. These measure yield continuously. Yield data can
then be combined with soil-test data for more highly refined fertilizer applications.

A third element of precision agriculture is use of remole sensing, like aerial photo-
graphs taken during the growing season. These might, for instance, be used to moni-
- crop health, Various types of photography reveal information about crop stress,
chlorophyll content, and other measures. In a sense, this is a high-tech version of crop
inspection for symptoms. The information gathered here can be combined with other
information such as yield and soil data for very precise management decisions.

Obvicusly, there is expense in equipment, highly detailed soil mapping, services
needed such as aerial photography, and the very extensive soil sampling and testing.
Precision agriculture is still undergoing development, and more complicated than can
be thoroughly covered here,

Sampling for Diagnosis
So far, we have discussed sampling for routine soil testing to maintain proper soil fer-
tility. Figure 13-2 suggests another approach: testing to diagnose a visible problem,

gure 13=7%

{4) The Geographic Positioning System (GPS) unit mownted on this tractor cab and (B) an en-board computer are elements of preciston agriculture,
which calls for detailed soil sampling. (Courtesy of John Deere, Inc)
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Why are lower leaves on one geraniam purplish, on the other one bleached? Testing
can help provide an answer.

For diagnosis, soils hosting affected plants, perhaps part of a field or some of the
pois im a greenhouse, should be compared to soils with unaffected plants. So one
should collect separate composite samples from unaffected and affected soils, and sub-
mit them to the lab separately. The results can now be compared. This procedure is
bBest if validated by tissue testing.

Soil Testing

There are two basic ways o test soil samples. The oldest method uses chemical reac-
tions that produce color changes. The exact color depends on the amount of available
minerals in the soil. In the case of the pH test, color depends on sail pH. With test kits
used by home gardeners, a certain amount of soil is placed in a test wbe. A measured
amount of chemical, or reagent, is dripped into the tube (Figure 13=8) The color of the
resulting mixture is then compared with known standards, and the amount of nutrient
is read from the standard.

Simple chemical tests are easy (o vse, but not reliable. One problem is the human
element, because results are based on technigque of the tester and what he or she sees,
In student labs, for instance, the results of several tests on the same soil sample may be

A soil vest kit can be used for
quick, simple soll testing, but is
nat as complete or reliable as
laboratary testing. (Caurtesy
of USCHA, Natuwral Resources
Conservation Service)
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surprisingly different. However, many test kits produce results of sufficient accuracy to
be useful for quick preliminary results (see Enrichment Activities).

Modern laboratory testing follows a basic two-step procedure of extraciion and
weasnrement. The sample is not tested directly; rather, various liquids extract acidity,
potassium, and so on, These extractants might be distilled water, various acids, or
various salt soletions. A safurafed media extract—in which distilled water is added to
the sample until it is just saturated, the sample allowed to sit for a while, and then the
liquid Filtered ouwl—is common for certain measurements,

These extracts are then tested with various pieces of laboratory equipment like the
pH meter (Figure 13-9), or a spectrophotometer, which passes a beam of light through
a test solution and measures the amount of light absorbed. Even more modern—and
expensive—devices are making their way into soil-testing labs.

A few words about extraction procedures are necessary here. Different labs use dif-
ferent extractants, selecting the ones best suited for the region it serves and on the
situation, Mo method extracts all of what is being measured; a relative sort of value
is chtained. Different extractants displace differenmt percentages of the nutrient being
measured, So keep in mind that different labs obtain different values, and results can-
not be directly compared. All, however, are equally valid if properly interpreted,

Few testing labs routinely test for all 14 mineral nutrients. Rather, a lab offers tests
useful for the region it serves. A standard series may include the following or more:

* Texture is determined by feel test or by mechanical analysis,

* Organic matter is measured by comparing soil color to known standards
or by heating the sample to high emperatures, reducing organic matter
tor ash, and weighing the difference.

* pH and buffer pH (if called for) are measured with a pH meter.

* Phosphorus is extracted by a variety of extractants. The resultant number
represents available phosphorus, not the total of all sail phosphorus. Dif-
ferent tests are selected, depending on the situation, Figure 13=-10 shows

Fleuife 12=-0

This simple pH and electrical
conductivity meter can be used
for precise measurements of
extracts from soll samplis.
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Soil Sampling and Testing

that this lab offers two different P-tests, and that in this instance, the
Bray 1 was selected.

* Potassium is washed from the sample with a solution that replaces it on
cation-exchange sites. The resultant value represents exchangeable potas-
sium, that reasonably available to planis.

The reader will note that nitrogen is missing from this series. Nitrogen changes so
quickly in the fleld that nitrogen tests are often not considered useful. In such cases,
nitrogen recommendations are based on the grower’s production goals, nitrogen in
the soil organic matter, prior application of manure, rotation with legumes, and other
considerations. However, nitrate tests have value in some settings, and o measure
nitrates carrying over from the last crop. Taking these into account allows one to
reduce nitrate leaching,

Laboratories may also test for other nutrients of local concern, such as calcium, sulfur,
zinc, or other nutrients, These may be part of a standard series or available on request.
Where needed, soil salinity may be routinely tested by measuring electrical conductiv-
ity (EC). Labs may also test for toxins or contaminants, such as lead or arsenic,

Greenhouse tests require a very exhaustive list of measurements. All nutrients will
be tested, as well as EC, ammonium nitrogen, and nitrate nitrogen. In greenhouse pot-
ting soils, texture and organic matter content have little meaning, and are not tested.

Interpretation and Recommendation

The raw numbers obtained by the testing laboratory must now be interpreted. Some
numbers, such as percent organic matter, or pH, are fine as is, but the raw numbers
for nutrient contents have little meaning until they are tested, or calibrated, against ac-
tual crop growth. Prior research will have been done measuring yield against various
nutrient levels as measured on the tests, and the amount of fertilizer needed to reach a
preferred level. The research produces tables that are referred to in interpreting results
and making fertilizer recommendations, Many labs make copies of these tables avail-
able to the public.

Finally, the lab issues a report (Figure 13=100, which may be delivered to the client
by mail, fax, or e-mail. The report contains some variation of results, interpretation,
and recommendation. For instance, phosphorus results might be reported as pounds
available phosphorus per acre. This might be interpreted as a low, medium, or high
level. Then a recommendation will suggest pounds of phosphate to be added per acre
to bring the soil to the preferred level.

Different reports may be issued for different types of clients. The homeowner

report differs from one issued 1o a farmer or a greenhouse grower, reflecting their dif-
fering needs.

Because different labs use different procedures, and because yield tests that give
meaning to raw est results are conducted under local soil and climatic conditions,
a grower best uses a local laboratory. Such labs may be associated with a university
or state agricultural experiment station. A number of private labs also do soil testing.
Some testing labs are geared to production agriculture, and their results may be less
valid for horticulturists or other soil users.



In-house testing of pH and
electrical conductivity is

& routine practice in
greenhouse production.
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GROWER TESTI

Growers may do a certain amount
greenhouse growers. One might u
ber of relatively inexpensive, simpl
also available like those being used
because fertilizers are salts, can infe
suring nitrates, potassium, and ph
allow inexpensive, frequent, and i
menitoring. Other soil users may find

testing, 2 commonplace practice for
test kits as in Figure 13-8. A num-
vices such as pH and BC meters are
-11. EC meters measure salimity, but
15 in potting soils. Devices for mea-
also now available. These devices
se testing for crops that need close
5 useful as well.

th 2 parts distilled water (2:1 extract),
uid is then tested with the devices. The
certain volume of distilled warer through
the soil in a pot, and testing this extract, er way, raw results have 1o be interpreted
in light of prior research on what the nu rs mean. There are charts available for the
purpose. Keep in mind that these proceddres are not the same as those used in soll-
testing laboratories, and values cannot be directly compared,

Most often, growers mix 1 part me
let sit for half an hour, and then filter,
newer “pour-thru® method invelves pou

TISSUE TESTING

Plant tissue tesis in combination with soil tests give the most complete picture of
nutrient status in the plant. In tissue testing, nutrients in the plant itself, rather than
nulrienis in the soil, are tested. These tests are useful for “smoking out” trace element




Flant tissue tests are also ver
¥ useful for tree and vine cr
: Ops in i i
or ctc!:uar_da. Their root systems are much maore extensive mp;n lh::;s;;::s, A,
Thus, it is often difficult to determine exactly where feeding roots a,::::“:::&
al 18

depth a soil sample should be taken. For th i
: B E5E reasons, t i }
toring the nutritional status of the crop, R 0

Mutrient levels vary sharply in different plant tissues of di
ing samples to a laboratory, be sure o dmzrminc the plinflgm;g?ﬁnfﬁmﬁgl
stage required. For example, soybean samples are collected from fully ap:nﬂleam
at first flowering, Apple samples are taken from leaves in the middle of shoots 8-12
weeks after full bloom. A grower should follow the instrections of the actual labora-
tory being used. A general method for sampling plants follows:

1. Sample about 10-13 plants using the recommended plant parts. The
parts should be clean of soil or dust. Sample only the intended species,
Do not, for example, mix both clover and grass samples from a pasture.
Do not include dead materials, and avoid damaged parts unless they are
the intended sample.

2. If necessary, use water to clean dust or scil from the leaves.
3. Air-dry the samples before shipment.

4. Fill out the information sheet completely. Include any recent soil-test
results, if suggested by the laboratory.

5. Ship the samples to the laboratory in a heavy paper sample bag. Leaves
may maold if shipped in a plastic bag.

Green_Tissue st i lant-sap test. In this test plant
A simpler form of tissue test is the green-tissue test or plant ; :
sa::f:he leal petioles or young stems is tested for nutrient levels. Portable :ﬂkm are
available that can be used in the field. Some kits use rest pﬂperr;trcal::c:i‘:wl s:::llﬁ
i . Orher test Kits W
. squeeze plant sap an the test s_po:s . . s
f:]g:::j g:mu?mmhel [ests I::.-.quin: bits of leaf petioles o be mixed with a liquid
b

late.
i m;oolnrlsnoledunHPDIP )
reagent in a vial and kAt should be tested. Best results are obtained by

As in tissue testing, Mwbﬂ!h deficient plants and nearby healthy plants.

comparing test results from

SUMMAH\F | e e e 'I_"hrE figst step is to sample the soil. Each area 1o be
R K effective use of fertilizers and sampled should be uniform. Many subsamples are
Soil users necc 10 nts into the environment. Saoil “ollected and mixed 10 form 2 composite sample from

ming e s 109 e nt is rem and sent 1o a private
testing is the best tool growers have 1 underfertiliza- which a small amou L““hmdf o 1nd s
much fertilizer Is needed 10 avold bot ; g laboratory or uni
tion and overfertilization.
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A sampling information sheet accompanies the
sample to provide data the laboratory needs to make
useful recommendations.

Sail-testing labaratories use modern cquipment

o measure nutrient levels quickly and precisely.
A computer then generates test resulis, interprets
the dara, and makes fertilizer and

lime recommendations.

REVIEW

Drescribe the four main sieps of soil testing in a
commercial laboratory.

Why should a grower not rely on visual symptoms
as a way 1o detect nutrient shortages?

When is fertilization most cost effective?

Why do container plants need more
frequent testing?

How does soil sampling in precision farming differ
from that of standard practices?

Why might a grower best patronize a local
testing laboratory?

How do we abtain a valid composite sample—rthar
15, one that accurately reflects soil of the field
being sampled?

ENRICHMENT ACTIVITIES

Sample a test area and send the sample 1o a local testing lak.

-

Ao

Plant tissue tests are used less often, but when added
1o soil tests, a more complete picture of plant nutrient
levels is obtained. Growers who wish o iry
tissue tests should consult with the testing laboratory
for instructions.

Commercial laboratory testing provides more reliable
results, but porable test kits and devices are available
o growers for Both soil and plant-sap tests.

Q,

10,

What H'li:j_;"lr be soil or gr(}\.\:ing conditions that
might limit plant growth not detected by a soil test?

Why should soil be tested before a new crop—aor
even a new garden in someone's vard—is planged?

A case study: A greenhouse grower conduciecd
both a soil test and a tissue west on a potted gera-
nium showing some unknown damage. Beciise
the symptoms did not resemble any known pest
problems, a nutrient problem was suspecied. The
grower sampled both healthy plants and affected
plants and compared the resulis, Most nutrients
were within acceptable range in both soil and tis-
sue, but iron was very low in the soil and extremely
high in the plant tissue, especially on infected
plams, Speculate on an explanation for the dif-
ference between the two tests. Why rest healthy
plamts? What might have happencd had the grower
done only the soil test?

Use a soil-test kit 1o test the same sample in vour school. Compare the resulis of your test with the lab results.

Tour a soil-testing Facility.

For the procedures used in one soil-testing facility, try <hupe/fsoiliest.coafes.umn.edufindex. hrm,

With a combanation EC/pH meter, like that shown in Figure 13-11, use a 2:1 extraction o measure EC and pH' of
a sample from your yard, or a houseplant, or a plant in the greenhouse. The pH reading will be 2 true reading
of vour soil pH as is, Now compare the EC to the salinity rating system of Figure 11-24. This is not a valid use

of the EC number you obtained. Why not?

Check for various commercially available soil-testing equipment on the Internet by searching for terms such as

“soil-testing equipment” or “pH meter,”



DBJECTIVES

After completing this chapter, you should be able to:
« distinguish forms of fertilizers
= describe fertilizer sources for each nutrient
» perform important fertilizer calculations
« describe how to use fertilizers
» list two effects fertilizers have on the soil

Before plant nutrients were scientifically identified, growers knew some
miaterials helped plants prosper. Eardy farmers probably noticed the lush
prowth of grass around animal droppings and began using them to raise
better crops. Lime, ashes, dead fish, ground bones, and seabird and bat
puztng have all been used. Even human waste ("night soil™) has been an
important fertilizer in some cultures. Most AMETICAN Zrowers nNow use
chemical fertilizers to supply the elements their crops need.

FORMS OF FERTILIZER

Fertilizer is material applied to soil or plants to supply essential elements,
Some states legally define minimum requirements for a material o be
sold as fertilizer, Fertilizers can be grouped into four categorics—mineral,
organic, synthetic organic, or inorganic (Figure 1d=1)%

* Mineral fertilizers are ground rocks containing nutrients.
Dolomitic lime, for example, is a fine source ol caleium and
magnesium. We might also call these rock powders, Most
minerals have low nutrient content and dissolve very slowly,
0 their usefulness as fertilizers is Hmited. Mineral

CHAPTER 14

TERMS TO KNOW
banding faliar feed
broadcasting fritted trace element
calcvam carbonate granule

equivalent mixed fertilizer
chelate nutrent Canser
complete fertilizes pop-up fertilizer
fertigation pressurmed Bauid
featilizes il
featilizer analysis pulverized festilizer
fertilizer burn 1alt index
tertilazer hiller sidedreiiing

fartilizer grade
fertlizer ratio
Fluked feetilizes

split application
staner femtilizer

wopdresiing
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fertilizers join the mineral pool of soil nutrients, o be made slowly avail-
able by dissolution. Because of low nutrient content and high shipping
costs, mineral fertilizers tend to be expensive per unit nutrient, unless an
inexpensive local source is available,

Organic fertilizers are organic materials, such as blood meal, that con-
tain nutrients. Many can be considered “slow-release” fertilizers because
nutrients are released slowly over the growing season as the organic
matter decays. Organic fertilizers join the organic pool of soil nutrients,
to be made available by mineralization. Like mineral fertilizers, if organic
fertilizers must be purchased, they tend to be expensive per unit nutri-
ent. In some states, “dilute” organic materials may not be legally labeled
as fertilizers because their nutrient content is too low.

Synthetic organic fertilizers are manufactured by industry but are chemi-
cally organic (contain carbon and hydrogen). Urea is readily available o
plants, but others, mostly urea derivatives, are made to be slow release.
Nutrient content is generally high compared to mineral or natural
organic fertilizers.

Inorganic fertilizers are mined or manufactured and are chemically

inorganic. Most dissolve quickly in the soil for rapid growth response,
initially joining the nutrient pool in the soil selution. The concentrated

Crganic
Diriged
sheap
IMEnune
Mineralization
Mineral Inorganlc
Mutrient ions
Lime dissolved in the soil it
solution
Mineral, organic, and inorganic
fertilizers undergo dissolution or
Synthatic organic

mineralization 1o release nutrient

jons taken up by plants. Dissolution Solution
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content of inorganic fertilizers reduces sh

erally less expensive per unit Autsient th IPPing costs, mal

an other seurces.
Fertilizers are provided or applied in

g P a mumber of bt
tllc:ilces crl' anhca:mn methods. The forms can he di:ld::ri:’:c; I_Elf\'mg growers several
surized liquids, fluids, dry fertilizers, and slow relcase I’:r‘tiliur:u' main groups: pres-

ki"'& them gen-

Pressurized Liquids

Anhydrous ammonia is the primary pressurized i
quid. Ammaonij
temperatures and pressure, but changes to a liquid when cooled ;-Lizna?:s}:t:f::::

be stored in large, high-pressure or refrigerated tanks. Smaller, wheeled panks are filled
from the storage tanks and are driven to the field to be fertilized,

The liquid is applied by injecting it into the soil (Figure 14=2). Pressure in the tank
forces the liguid through wbes to special chisels that are pulled underground. When it
reaches the soil, the liquid evaporates rapidly,

Fluid Fertilizers

Fluid fertilizers are also liquid, but they are not under pressure. In the case of nitro-
gen, they are often called nonpressure solutions. The most common fuid fertilizers are
salutions, In a true solution, fertilizer dissolves in water to form a clear ligquie and will
not settle out, Selutions can only be made of chemicals that are soluble in water.

Less water-soluble chemicals can be made into fluids called suspensions. A finely
ground fertilizer is coated with a special clay and mixed with water. The treatment
helps fertilizer grains suspend in water 10 farm a cloudy liquid, If the liquid is not kept
stirred, however, fertilizer grains will settle out.

Fluid Fertilizers are popular because they can be applied in many ways sprayed on a
field or on turf, injected into soil, mixed into irrigation water (Figure 14-3), of sprayed
on crop foliage. They can also be mixed with fluid lime, herbicides, and other crop
chemicals, with care to ensure that they mix without problems.

Direction of trave| €———

Soil ling

Chisel NHa
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Liguid feed being used in a flood
ircbgation system in Arizona, Fluid
fertilizer is being infected into
the irrigation lateral from the
spherical tank an the left. (Cour-
fesy of USDA, Notirg! Résourees
Conservation Service)
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Dry Fertilizers
Dry fertilizers are applied to soil, where they dissolve quickly in soil waer 1o release
nutrients. Dry fertilizers are available in three types:

= Pulverized fertilizers are made by crushing fertilizer materials into a
powder. They are dusty, making them unpleasant to handle or spread
evenly. Some pulverized fertilizers absorb moisture from the air, causing
them to cake during storage.

* Granules are much easier to use. The manufacturer treats the material so
it has large, more evenly sized grains. Granules spread evenly and easily,
with much less dust. However, some dust, or “fines,” still causes prob-
lems, Granules are coated to reduce moisture absorption.

= Prills are smooth, round, and dust free, Prills (Figure 14=4) have superior
flowing and spreading qualities and are free of fines, Growers find them
easy o use. Prills are also coated 1o prevent caking during storage.

Slow-Release Fertilizers

Slow-release fertilizers are also dry. The nutrients they contain dissolve into the soil
solution slowly over a period of several weeks up o a few months, Slow-release fertil-
izers work in one of two ways. Some are made of large nitrogen-containing molecules
that break down slowly under the influence of water and microbes, Others are sim-
ply small granules of regular fertilizers coated with plastics or sulfur, These slowly
release nutrients as coatings thin, soften, and crack when exposcd to water. Products
are manufaciured to different release rates, but in practice rates vary depending on the



—————— Fertilizers

Fertdizers are prepaned in
pulverized, granular, and prilled
Farms. Prills in this pictere are
smooth and sphevical; granules
are rougher and more irregular
in shape, [Courtesy of Parash and
Fhosphare fnstiture)

temperature, moisture, and biological activity they are exposed to, and tend o release
nutrients more rapidly at first,

Slow-release fertilizers are too costly for common agricultural use, but they are
widely wsed in horticulture; for example, as tarf fectilizers, Slow-release fertilizers ben-
efit growers by releasing nutrients only as fast as crops can use them, so little is lost 1o
leaching and adverse effects on the environment are limited.

FERTILIZER MATERIALS

Few fertilizers are pure elements. Rather, most consist of compouneds that release nutri-
ents in forms useful to plants. These compounds are called nutrient carriers.

Nitrogen Carriers

Organic nitrogen exists in several forms (Figure 14-5). Decay changes the organic
nitrogen to ammonia, which, in tuen, changes to nitrates, Many organic nitrogen
sources are too expensive for farmers and are used primarily by home gardeners. How-
ever, some sources, such as manure, continue ta be used by many farmers,

The first commercial nitrogen fertilizer was actually organic—seabird droppings, or
guang, harvested in Peru. Later, deposits of saltpeter (sodium nitrate) were mined in
Chile. Today fertilizer companies manufacture most nitrogen carriers From ammaonia
produced by the Haber—Bosch process.

The Haber process fixes nitrogen from the air by attaching hydrogen atoms to it
from natural gas. This reaction, in the presence of heat, pressure, and an iron catalyst,
produces ammonia:

3H, + N, — 2NH,

30
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Percentage, Dy Weight Basis

Organic Material

Bat guano 10.0 4.0 20

Blood meal 12.0 2.0 1.0

Fish meal 10.0 6.0 -

Cotton seed meal 6.0 30 1.5

Soybean meal 70 1.2 1.5

Bone meal, raw 3.0 220 —

Bone meal, 10 15.0 = Owganic fertilizes do not give a
steamed rapid respanié, but mineralized
Wood ashes _ 1.0 40 nutrients become available

over time,

This reaction is costly from an energy standpoint, and the price of natural gas
accounts for 70 percent to 90 percent of manufacturing costs. Ammonia can be used
as a fertilizer or changed to other forms, as shown in Figure 18=6.

* Anhydrous ammonia, consisting of 82 percent nitrogen, results directly
from the Haber process. The word “anhydrous” means “without water.” It
is the main pressured liquid and is applicd as shown in Figures 14-2 and
1i=17. Anhydrous ammonia is the cheapest, strongest form of nitrogen. In
the soil, ammonia reacts with water to release ammonium ions. If not
injected deep enough, especially in sandy soil, it may evaporate and be
lost from the soil. Ammonia destroys lung tissue if inhaled, so care should
be taken during transport and application to ensure that none escapes.

* Agua ammonia, consisting of 20 percent nitrogen, comes from dissolving
ammonia in water to form a low-pressure solution. The use of agua
ammonia has declined as growers switch to other fluid fertilizers.

* Ammonium nitrate, containing 33 percent nitrogen, is half ammonium
nitrogen and half nitrate. This is a good general-purpose dry material
that is easy to handle and apply. It absorbs moisture from the air, causing
it to cake.

*« Ammonium sulfate, consisting of 21 percent nitrogen, also contains
sulfur, It is a dry fertilizer. Ammonium sulfate is very acid forming and is
ideal for acid-loving plants. Any ammonium fertilizer, including ammao-
nium nitrate or sulfate, can lose nitrogen by volatilization when spread
on recently limed or calcareous soils. To prevent loss of nitrogen, it is
best mixed into the soil.

* Witrare of soda (sodium nitrate, 16 percent nitrogen) is commonly used
on tobacco, Unlike most other nitrogen sources, it raises soil pH. Calcium
nitrate is a similar but less salty material, commonly used in greenhouse
fertilizers. Both materials are dry but water soluble.

* Urea, containing 46 percent nitrogen, is a synthetic organic material
(COCNH,),). In soil, urea rapidly breaks down to ammonium nitrogen. 1F
urea is left on the wop of the soil, some ammonia may escape into the air.
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nitrate
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sullatg
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phosphates
Matural
gas
Figure 14-6
! S 100 The Haber-Bosch process is the
} source of mast chemical
nitrogen femilizers.

A popular dry fertilizer, it can be produced more cheaply®han ammo-
nium nitrate. It is also used o make fluid fertilizer.

* Urea=ammonium nitrate (UARN) is a nitrogen solution. UAN is made by
mixing liguid urea and ammonium nitrate to make either a 28-percent N
solution or a 32-percent N solution,

» Urea-formaldehyde (UF), isobutyldiene urea (IBDU), and sulfur coated
urea (SCUY are slow-release synthetic organic materials. These are used
primarily to fertilize turfgrass and potted plants, They are too costly for
general agriculture use,

Figure 14-7 summarizes the characteristics of these and other nitrogen forms.
Another set of nitrogen carriers, the ammonium phosphates, as well as potassiun
nitrate, are described below.

Phosphorus Carriers

Phosphorus fertilizers are obtained from surface mining of rock phosphate in Flor-
ida and other locations (Figure 14-8). Rock phosphate was deposited during geelogic
time under shallow seas. Phosphate rock contains various apatite minerals, which are
calcium phosphate materials, The grounc rock can be applied directly to the soil, but is
usually treated with acid to break down the apatite into simpler compounds (Figure 14-9
of higher water solubility. Figure 14-5 lists some organic sources of phosphorus and
Figure 14-10 summarizes the following carricrs;
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o L ko Effact
Mitrogen Carrier Nitrogem  Ammanium Mitrate on pH
Anhydrous ammaonia NH, 820 820 o Very acid
Ammonium nitrate HH,NO, 33.0 16.7 16.6 Acid
Ammonium sulfate (NH, 1,50, 21.0 21.0 Lt Very acid
Agqua ammonia NH,OH 24.0 24.0 o Acid
Nitrate of soda MakO, 16.0 o 16.0 Basic
Calcium nitrate CalMNOy), 155 o 15.5 Basic
Urea {NH,),CO 45.0 460" o Acid
UAN {nitrogen solution) 320 22 10,0 Acid
Urea formaldehyde? 370 370 o Acid
Sulfur-coated urea’ 35.0 350" 4] Acid
IBDU* 300 — .- _—

Some comman nitrogen

materials, Other sources are
listed under potash and
*Slow release Tertilizers, phosphate saurces.

*Urea becomes armmonia in the soil.

Rock phosphate mine in Florida.
Maost phosphornus fertilizers are
manufactured from this mined
material. (Courtesy of Potash and
Phosphate Institute)

* Rock phosphate, a rock powder containing between 25 percent and
35 percent phosphate, and calcium, may be spread on the soil but will
dissolve slowly, It is an example of a mineral fertilizer. Rock phosphate
works best when finely ground and used on acid soils,

+ Superphosphate, Ca(H,PO,), + Ca50,, containing 20 percent phosphate,
results from the reaction of rock phosphate with sulfuric acid (Figure 14-9).
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Commoan phosphate fertilizers.

This material is half gypsum {calcium sulfate) and half calcium phosphate.
Being lower in phosphate than other carriers, it is no longer used by most
growers, Growers find it most useful when sulfur or calcium is lacking in

the soil.

-

rreated rock phosphate. It is higher in phosphorus than regular
superphosphate and contains less sulfur or calcium. Triple super-
phasphate is a popular fertilizer. Both superphosphates contain small
amounts of fluorine, making them unsuitable for the many potted foliage
plants highly sensitive to flourine. Neither is water soluble enough o
make up a solution.

Triple superphosphate, Ca(H,PO,),, with 46 percent phosphare, is also

Ammonium phosphates are made by mixing phosphoric acid with ammo-

nia. Twao similar products result, monoammonium phosphate, NH,H,PO,,
and diammonium phosphate, (MH,L,HPO,, These are referred to s MAP
and DAP, respectively. Both are much more water soluble than super-

phosphate compounds, and are the products of choice in applying phos-
phorus in Auid form. They are also used in dry fertilizers,

Phosphate rock |5 treated
with acids o produce
comman ferilizers.
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Underground potash mine in
Saskatchewan, Canada. Here
Wi He0 2 “continuows boring
machine® that digs potash ore.
Canada is the world's largest
producer of potash. (Cowrtesy of
Potash and Phosphate Institube)
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* Bone meal and manure are both organic sources of phosphate. Bone
meal is made by grinding bones that are a by-product of the meat-
packing industry. Homeowners use bone meal as a phosphate anc
calem fertilizer,

Potassium Carriers

Forash is mostly mined in deep mines from deposits laid down in geologic time by
evaporating shallow seas (Figure 14-11). Some is harvested in gigantic evaporation
pans from evaporating bodies of water such as the Great Salt Lake of Utah and the
Dead Sea of the Mideast, Canada supplies the greatest amount of the world's potash,

These deposits are mixtures of various salis, which are processed o separate
and purify the potassium. Figure 14-3 lists some organic potassium sources, and
Figure 14-12 summarizes primary carriers,

Percentage Avallable

Potash Carrier K, 0 Nitrogen
Muriate of potash a0 —_
Sulfate of potash 49 —
Potassium nitrate A4 13
Common potash carrlers, Sulfate potash magnesia . B
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While we speak of potassium as a plant nutrient, when referring to fertilizers the
term “potash® is commonly used. This older term derives from an original source of
potassium oxide in “pot ashes.” Mo fertilizers actually contain potassium oxide, In the
following listing, the reader will notice other archaic terms still in common use, such
as muriate of potash.

* Muriate of potash (potassium chloride), containing 00 percent potash,
accounts for 87 percent of all potassium fertilization. It costs less than other
carriers and dissolves readily in water. Because it contains chlorine, other
sources may be better for crops sensitive to chlorine. It is also highly saline.

Sulfate of potash (potassium sulfate) contains 49 percent potash and is
used to a minor extent in dry fertilizers for crops sensitive o chlorine or
where the saltiness of potassium chloride is a problem.

Mitrate of potash (potassivin niteate) contains 13 percent nitrogen and
44 percent porash. It is a common fertilizer for container plants. Al-
though it is mostly used in a dry form, it can also be used in solution.

Sulfate of potash-magnesia is also useful for chlorine-sensitive crops and
where soil salinity is a problem. It consists of 22 percent potash, 11 percent
magnesium, and 22 percent sulfur, It may be used for soils that lack
sufficient amounts of magnesium and sulfur.

Wood ashes and manure are also good potash sources.

Granite meal is a rock powder used by some growers who prefer not

to use chemical fertilizers. This material is a finely ground, gritty waste
product of the monument and building-stone industry. Granite dust is (oo
insoluble to be of any immediate use to plants but adds to the *bank" of
soil potash. Figure 2-5 lists nutrients in a typical granite.

Secondary Elements

Mineral fertilizers supply most of the calcium, magnesium, and sulfur required by plants.
The most important fertilizers include lime, gypsum, and sulfur. The finer the grind, the
mare quickly these materials act. Many of the minerals affect soil pH, Figure 14-13 lists
several sources of secondary elements.

Trace Elements
Each trace element is available in a number of chemical forms. Most trace elements, how-
ever, are commaonly used in the following forms, which are summarized in Figure 14-14.

+ Sulfate salts are inexpensive and dissolve easily in water. They can be
used as dry or fluid fertilizers. Trace elements are also available in other
types of salts and oxides.

+ Fritted trace elements (FTEs) are a safe way to apply teace elements. FTEs
are made by adding salts to molten glass, which is poured into cold run-
ning water. The glass cools and shatters; the pieces are then ground into
fine powder. Frits are dry fertilizers that dissolve slowly in the soil.

+ Chelates are common, useful, water-soluble teace element fertilizers, gen-
erally used in fluid form.
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Calcitic lime

Dolomitic lime

Gypsum

Hydrated lime

Burned lime

Magnesia

Magnesium sulfate (Epsom salts)
Potassium magnesium sulfate
Flowers of sulfur
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Percentage Available

Effectan F_';H

ns — — Basic
21.5 1.4 — Basic
225 — 12.0 Meutral
46.1 — - Basic
60.3 — - Basic
— 55.0 e Basic
- 1.0 14.5 Meutral
— no 22.0 Meutral
L — 30-100 Acidic i

Comman sources of secondary elements,

Trace Element Sulfate FTE Chelates Others Treatment

Boron X Borax BC borax

Copper X X X Oxide BC or B sulfate

Iron X X X F chelare, acidify sall
Manganese X X X Oxide BC or B sulfate

Zing % X X B chelate

Molybdenum X Sodium molybate, malybdic acid Mice with NPE, liming soil

Key: FTE = Fritted trace elements:

Comman sources of trace elements,

BC = Broadcast; B = Banding; F = Foliar feeding

MIXED FERTILIZERS

Growers could apply a fertilizer that contains a single nutrient, which would mean a
fertilization operation for cach nutrient. It is often more convenient to use fertilizers
that contain several nutrients. Such fertilizers are made by mixing several of the carri-
ers just described,

Fertilizer Analysis and Grade

The contents of a bag of fertilizer may be listed in two ways. Some bags list
fertilizer analysis, which lists the fertilizer elements in the bag and their percent content
(Figure 14-15), as well as percent nitrogen as nitrate and ammaonium,

Such a list could include any of the 14 mineral elements.

All bags of fertilizer should show the fertilizer grade, which indicates the primary
nutrient content. Grade lists the content as a sequence of three numbers that tell, in
order, the percentage of nitrogen (N}, phosphoric acid (P,0,), and potash (K, 0). Grade



__ Fertilizers

Al's green
i, scros fertilizer
20-10-5

Analysiz

CHUIS 15—10
Grade is expressed by three numbers;
nitregen, phosphate, potash, All three
are present hee, $o this is a complete
fertilizer. Also shown is analysis, a lsting
of the pereent of all nutrients present.

is often referred to as “MN-P-K," which stands for nitrogen, phosphorus, and potassium,
in that order.

For example, a fertilizer with the grade 0-0-60 is 60 percent potash with no nitrogen
or phosphate. To decide how much potash is in the bag or ton of the fertilizer, multiply
the weight times the percentage. Thus, 1 ton of muriate of potash contains the follow-
ing amount of potash:

= 60 ent
Potash = wi-“— = 1,200 pounds

Fertilizer containing only one element is called a single-grade fertilizer. Many fertiliz-
ers contain two or three nuirients and are called mixed fertilizers. Complete fertilizers
have all three of the primary clements. Note that “complete fertilizer” does not mean
that all 14 mineral nutrients are included.

To determine the amount of each nutrient in a complete fertilizer, the percentage of
the nutrient is multiplied by the weight of fertilizer. For example, in a 50-pound bag
of 20-10-20:

ds % 20
Mitrogen = s s.mu i LS 10 pounds

50 nds = 10
Phosphate = e 700 PATCR = 5 pounds

50 pounds > 10 percent
Patash = " o0 P = 10 pounds
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Additional information may also be found in the analysis, such as the percent
age nitrogen that is ammoniacal and the percentage that is nitrate. Some fertilizers,
especially those blended for turf, contain nitrogen sources that dissolve slowly. These
will be identified as water-insoluble nitrogen (WIN) or slow-release nitrogen (SRN)L

Grade may also identify a secondary nutrient as a fourth number in the traditional
nitrogen, phosphorus, and potassium (N-P-K). For example, caleium niteate may carry
the grade 15-0-0-3% Ca, meaning the material is 39 percent calcium. Similarly, sulfur
(5) or magnesium (Mg} is found as a fourth number. Fertilizer containers typically also
list the carriers used o formulate the product, sort of an ingredient statement.

Contents of Fertilizers

Fertilizer prades never total 100 percent. For example, 10-10-10 fertilizer is 30 percent
nutrient and 70 percent other ingredients. Whart are those other ingredients? Primarily,
the remainder of the fertilizer is the weight of the other elements that are part of the
carrier, such as hydrogen and oxygen.

A small percemage is fertilizer filler and conditioner. Fillers may be sand, clay gran-
ules, ground limestone, or ground corncobs. They are used 1o bring a load of bulk fer-
tilizer o a weight of 1 ton. Conditioners improve the quality of the fertilizer and make
it easier to use.

Fertilizer Ratio

Fertilizer ratio states the relative amounts of nitrogen, phosphate, and poash in fer-
tilizers. Ratios are useful when comparing two fertilizers, as shown in the following
examples:

Grade Ratio
{et) 10-10-10 1-1-1
(b 20-20-20 1-1-1
() 6-12-12 1-2-2
(el) 5-15-30 1-3-6

Note that (a) and (&) have the same ratio. This means that one fertilizer can be
used in place of the other. Applying 1 ton of 10-10-10 is the same as applying 0.5 ton
of 20-20-20. A grower may select fertilizer with the ratio suggested by soil-test reports,
For instance, if the report suggested 100 pounds of nitrogen, 50 pounds of phosphate,
and 75 pounds of potash per acre, a single fertilizer with the ratio of 4-2-3 would
be iceal,

Elements and Oxides

The way fertilizer grade is listed leads o some confusion, Most people think of
fertilizer grade as “NPK™ nitrogen, phosphorus, and potassiuom, Actually, nitrogen is
listed as the clement, but the other two nutrients are listed in their oxide forms. The
true grade should be listed as N-P,O-K,0, which is read as nitrogen, phosphoric acid,
and potash.

As an example of the confusion, consider the fertilizer 20-10-10. The numbers lead
one o expect 200 pounds of phosphorus in a ton of this fertilizer. Actually, 1 ton
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contains only 88 pounds of phosphorus, The amounts of nutrients in a ton of 20-10-10
can be listed in the elemental and oxide forms:

Orxide Element
N 400 400
P 200 8B
K 200 166

The oxide form is a fiction, a relic of a much older way of doing things. Mo fertilizer
actually contains the oxides. In scientific publishing, the true elemental content may
be listed as grade, true *NPK," which leads to very odd numbers: 10-10-10 becomes
10-4.4-8.3. When reading soil-test reports or other recommendations, check which foem is
being used, Generally, labs report soil nutrient levels in the elemental form—P and K—but
fertilizer recommendations are expressed as oxides. Therefore, the grower ordinarily
need not make a conversion. But to convert between phosphorus/phosphoric acid and
potassivm/potash, the following formulas are used:

() P X 229 =P0,
) PO, R 044 =P
© KX1.2=KO

@) K,0 %083 =K

As an example of the use of one of the formulas, determine how much actual potas-
sium is contained in 1 ton of 0-0-GO:

K= 2,000 ¥ 60 percent
. 100

Calculations for Blending

Growers can buy premixed fertilizer, but a limited number of ratios are available. Fer-
tilizer can be custom blended o obtain the analysis and ratio that best suits the needs
of the grower.

* 0.83 = 996 pounds

To blend fertilizers, it is necessary to determine how much of each carrier is necded
1o produce the final bulk blend. The following formula can be applied to each carriern:

where

Z = pounds of carrier for each element
A = pounds of mixed fertilizer needed
B = percentage of the element needed

€ = percentage of the element in the carrier

As an example, let us determine how a ton of 10-10-20 can be blended from the fol-
lowing carriers: :

Ammonium nitrate 33-0-0
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Triple superphosphate 0-46-0
Muriate of potash 0-0-60

Calculations: Z = ‘i?-éﬁ

Ammonium nitrate = ﬁuwii’f_.“. = §06 pounds

Triple superphosphate = w = 435 pounds

2,000 > 20

Muriate of potash = &0

= 667 pounds

Total carviers = 1,708 pounds

A wotal of 1,708 pounds of carrier will be blended. To bring the total 1o 2,000 pounds,
202 pounds of filler will be added 1o the mix.

SELECTING FERTILIZER

Growers can choose from an array of fertilizers. Factors influencing the sclection
include crop, time of yvear, application method, and cost.

For most crops, the form of the fertilizer is not critical. One choice is between nitrate
and ammonium nitrogen. Plants absorb both ions, but the preference for most agri-
cultural crops is for the nitrate form, and a mixiere of the two is generally desirable.
However, under warm, moist conditions, ammonium nitrogen nitrifics to the nitrate
nitrogen in four to six weeks. For that reason, ammonium and nitrate usually have
similar effects on crop growth. On the other hand, nitrates are lost more easily from
the soil,

In a few cases, cither ammonia or aitrates work best, There are a few simple rules to
guide the grower in selecting the best form:

* Nitrates are preferred for carly-spring planting of cool-season crops.

« Ammonia is better for fall fertilization, because less nitrogen will leach
oul of the soil belore spring, applied after soil cools below S0°F, o
imhibyt nitrification.

* Fertilizers for container plants favor nitrate over ammonium nitrogen.
Roots growing in a pot are easily damaged by exoess ammoniz, espe-
cially when pitrification is slowed by cool, cloudy weather. So-called
“dark-weather feeds” contain no ammonium nitrogen.

* Many acid-loving plants prefer ammoniom nitrogen. Cranberries,
for instance, essentially use only ammoivm nitrogen,

Some crops, including tobacco, are sensitive 1o chlorine, For these crops, low-chlorine
fertilizers should be chosen, In some applications, prowers need 1o be concerned about
how a fertilizer affects soil pH or salinity, as discussed laer in this chapter,
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Growers also base their fertilizer selections on the means used o apply fertilizer.
For example, fertilizers applied through the irrigation system must be water soluble.
Several other recommendations are noted later in the chapter.

Fertilizer selection commonly depends upon price—the least costly fertilizer per
pound of plant food is commonly selected. Cost can be calculated as follows, using
nitrogen as an example:

price per ton

2.000 % %N - 100

Priceflb N =

For instance, the price of nitrogen in a ton of ammonium nitrate (33-0-0) that costs

5200 would be:

i =200 s :
Priceflb N 37600 % 33 X100 = 5,30 per pound nitrogen

The same calculation can be made for a single bag of fertilizer; just substitute the
weight of the bag and the price per bag. Similarly, the cost of potash and phosphate
may be compured by substituting their values for nitrogen in the formula. These fig-
ures allow a grower to compare the cost of different fertilizer elements.

Fertilizer Prices

Fertilizer prices, a major cost of agriculture, fluctuate strongly from year to year;

one Enrichment Activity provides a Web site with data, Prices have risen strongly

in recent years owing to rising gas prices and to strongly rising demand. From FY
200042002 1o FY 2003/2004, world fertilizer demand rose by 13 percent, nearly as
much as the entire demand in the United States. Nitrogen demand grew 10 percent,
P by 13 percent, and K by an impressive 25 percent, in four years. Data from

The Fertilizer Institute, a trade body for fertilizer manufacturers.

APPLYING FERTILIZER

Fertilizers can be applied before a crop is planted, during planting, after the crop is
growing, or in some combination of the three. Preplant feeding brings the field to a
good nutrient level before a crop is planted. On a fine soil with little leaching and a
high cation-exchange capacity (CEC), this one feeding may supply all the nutrients
needed for the season,

While this is the main fertilization for most crops, there are three drawbacks:

* Phosphate is not concentrated near young seedlings, Phosphates do not
move much in the soil, and young seedlings are limited in their ability to
forage for nutrients. The same is frue, (0 a lesser extent, of potash.

* In coarse, low-CEC soils, much of the nitrogen applied in a preplant feed-
ing will leach away before plants can use it,
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Crop Stage Fertilization

(V) Preplant figura 14

(2) 8 leaves A model nitrogen schedule for
fertigated corn on sandy solls

(3) 12-15 leaves This schedule reduces leaching

{4) Early tassel losses and supplies nitrogen ac-

carding to plant needs,

= Applying fertilizer before planting does not match the needs of the crop.
Generally, the crop needs most fertilizer when growing rapidly later in
the season. Timing nitrogen application closest to maximum crop usc
reduces nitrogen losses and chances of environmental contamination,

Fertilizer applied while planting, called starter fertilizer, allows phosphate o be
placed near the seed. Fertilization after planting solves the other two problems. This
is usually done by dividing the year's fertilizer into two or more parts, one applied
before planting and the rest used later in the season in one or more applications, For
example, corn may be fertilized before planting, then again 30 days after planting. This
split application, an important Best Management Practice (BMP) of nutrient manage-
ment, reduces the loss of nitrogen by leaching and allows a grower o apply fertilizer
when the crop has the greatest need for it Fertilization with irrigation allows the
grower to make several applications to closely maich growth needs. Figure 14-10 pres-
ents a model schedule for fertigating (fertilizing with irrigation) corn. See exiension
agents for local recommendations.

For perennial crops such as hay or feait, later fectilizations must follow a preplant ap-
plication. A single preplant feeding will not meet the nutrient needs of the crop in later
vears. Thus, fertilizer is added yearly.,

Mow let us look ar the methods used 1o apply fertilizees at these different times.

Fertilizing Before Planting

Fertilizing before planting brings soil fertility 1o a good level to launch the crop,
and can supply much of the phosphorus and potash for the season. Preplant fertil-
ization is particularly important for perennial crops, o supply phosphorus and
potash that will be less effectively added later. Common methods include broadeasting
and injection.

Broadcasting

The simplest and most economical way o fertilize before planting is by broadcasting.
Machinery, and sometimes aircraft, is wsed to spread dry fertilizers evenly on the
soil surface. Fluid fertilizers also can be sprayed on the soil. For phosphate and
potash, the material should then be “plowed down,” or mixed into the soil, before
the crop is planted. This step is importam because these nuirients do not leach very
far imo the soil, and, il left on the surface, will not reach the root zone and may run
off into surface water, Broadeasting is quite popular becavse bulk blends can be
applied rapidly.



Fertilizers

Soil Injection

This is also known as knifing or chiseling, and can be used before crops are planted.
Most commonly, anhydrous ammonia is chiseled into the whole field (Figure 14-17).
Fluid fertilizers may also be chiseled into the soil. Chiseling reduces some potential
losses of fertilizer by volatilization or erosion.

Fertilizing at Planting

Fertilizing at planting concentrates phosphorus near seedling roots, when the plant
has a limited ability to forage for phosphorus. It is, on the whole, the most efficient
way to apply phosphorus. It is most recommencded when certain soil conditions restrict
phosphate uptake, including cold, wet, or compacted soil; acid or alkaline soil; low-
phosphate soils; and in conservation tillage.

Banding

The most common method of fertilizing at planting is called banding. A seed planter
places a band of dry fertilizer 2 inches below and 1 inch o the side of the seeds
(Figures 14=18 and 14-19). Banding is the most efficient way to apply phosphate, and
sometimes potash. The placement is not close enough to hurt the seed but is close
enough that young roots quickly find the band of fertilizer. Because the phosphate
fertilizer is packed in a narrow band, there is less soil/fertilizer contact, reducing
phosphate fixation. Banding can also be done more deeply to provide P and K through-
out the growing season, On the whole, banding provides more growth response with
less fertilizer.

Figure 1=17

Preplant application of anhy-
drous ammonia an an lowa
na-till corn field. [Courtesy of
USDA, Natural Resources
Canservation Service)

M
H——
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In banding, a seed planter places
& band of fertilizers below and to
the side of the seeds, This place-
mient puts concentrated fertilizer
whvere it will be immediately
available to the young seedling
without damaging roots.



Banding fertilizer. (Phota by Brad
Whitsirt. Cowrtesy of Shutterstock)
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Pop-up Fertilizers

Pop-up fertilizers are placed in the row with the seeds, rather than beside the seed
as in banding. These fertilizers are quite effective in cold soils. Generally, only small
amounts are applied o prevent damage (o the seed, Fertilizers for pop-up use should

* be water-soluble complete fertilizers high in phospharte,
+ have a low salt index (salt can injure the seedling).

* nof produce any free ammonia, because ammonia will also injure the
seedling; this excludes urea, UAN, and diammonium phosphate,

Transplant Solutions

Dilute fertilizer solutions are often used to water-in newly planted transplants such
as womatoes or bedding plants, Vegetable-transplanting machines are designed to dis-
pense @ cup solution o each plant as it is placed in the ground. In smaller transplant-
ing operations, ¢ach plant may be similarly treated by hand, Fertilizer ratios of 1-2-1
are typical.

Fertilizing after Planting

Fertilizing after planting allows for split applications, and is the only way to fertilize
perennial crops in the years after planting crops such as turf, orchards, or forages.
Most postplant fertilization focuses on renewing nitrogen during the growing season,
and is the most efflicient time o apply nitrogen—o rapidly growing crops. Several
methods are in common use.
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Fertilization of a pasture in

lowa by topdressing, using a
broadcast spreader and dry fer-
tilizer. (Courtesy of USDA, Natural

Resources Conservation Seérvice)

Topdressing

Topdressing is similar to broadcasting, except that fertilizer is spread over a grow-
ing crop and is not mixed into the soil. Either dry or fluid fertilizers can be used.
Farmers often topdress perennial crops such as hay to replace lost nutrients. This
method is also used to feed grains, pasture (Figure 14-20), and lawns, Topdressing
works best for nitrogen, because it moves readily into the soil. However, because many
crops that might be topdressed have dense, fibrous root systems very near the surface,
some potash and phosphate can reach them.

Ammonium and urea fertilizers left on the soil surface can lead to losses by volatil-
ization. Irrigation can help move the nitrogen into the root zone quickly.

Turf managers use these terms differently. Spreading fertilizer on established turf is
called broadcasting, while spreading a thin layer of soil, compost, or other amendment
over existing turf is topdressing.

Sidedressing

Sidedressing is a way of making postplant applications to row crops (Figure 14=21).
Sidedressing is done by fertilizing along the crop row. Commonly, this is done by knif-
ing ammonia into the soil, “dribbling” fluids, or dropping solids. Sidedressing is the
most popular way to make split applications. It concentrates fertilizer near the roots.

Fertigation

Athird way to fertilize a growing cropistoinjectfertilizerinto irrigation water (Figure 14-3).
Fertigation works best in sprinkler or drip irrigation but can be used with surface irri-
gation. Drip is especially well adapted, because low levels of fertilizer can be virtually
spoon-fed to the root system,.
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Sidedressing no-till corm witha
Fluid fertilizer on an lowa farm.
This “dribble” method here soaks
imrmediately into the soil, less
prone tolass by volatilization and
erosion, such split-applhations
improve foertilizer efficiency and
reduce losses to the envirgn-
ment {Cowrresy of LSCW, Mafwaal
Resources Conservation Service]

In fertigation, a device called an infector draws concentrated fertilizer solution oul
of a stock tank (spherical tank in Figure 14-3) and injects it into the irrigation water,
diluting it to the desired rate. Clearly, only very water-soluble fertilizers work. Ammo-
nium phosphates and potassium nitrate can be vsed to supply phosphate and potash.
Chelated trace elements also can be used. Special back-flow prevention devices must
be included in the system to prevent fertilizer from being drawn back into the water
supply, and because of this hazard, many states require permits,

Foliar Feeding

Growers sometimes fertilize by spraying dilute fertilizer solutions, er erganic prepara-
tions such as seaweed extract, directly on crop leaves. Small amounts of nutrients can
be quickly and efficiently taken up by plants through tiny nanopores in the leaf cuti-
cle. Foliar feeding may be a practical solution to nutrient uptake problems such as high
soil pH or dry soil, and is often actually more efficient than soil application. It also
delivers a quick response when needed. Spraying autrients directly on affected tis-
sues—such as calcium-deficient tomatoes—also puts the nutrients immediately where
they are needed,

Because only small amounts are absorbed, foliar feed works best for micronutrient
deficiencies. For example, pecans growing on alkaline soil may be sprayed with zinc
several times a season. Iron chelates are also commonly applied o plants suffering
iron chlorosis. Calcium sprays are also common on horticuliural crops, The natural
immobility of calcium in plants (Chapter 12) favors spraying calcium directly on tissues
that need it

Spraying macronutrients also works for a rapid response, and urea is a form of
fertilizer readily absorbed through leaves. However, the large necd for these elements
makes it difficult to supply enough by foliar feed except by repeated dilute applica-
tions, Sprays strong enough o supply high nutrient value can burn foliage, However,
foliar feed can be used to “top of™ plant needs at seeategic times during the crop cycle
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or under periods of stress, This is a common practice on golf courses. For major nutri-
ents, we must still primarily rely on a proper soil-fertilization program,

Foliar feed works well in the greenhouse, Protected conditions in greenhouses cause
thin leaf cuticles, allowing more absorption. In greenhouse culture, where a single
missed fertilization can plunge a crop into mild nutrient starvation, a quick foliar feed
perks up the crop.

Foliar sprays are always temporary in their effect, and most often need to be
repeated. This is particularly true for immobile autrients; none will be ranslocated 1o
new leaves as they form. The need for repeated sprays reduces the convenience and
cost effectiveness of the practice, Sprays should be spaced properly over time 1o reduce
the chance of leaf burn.

Foliar sprays should be applied in a fine mist to coat the leaves on both sides, and
absorption improves under conditions where the leaves stay damp for some time, as
under high humidity or in the evening.

FERTILIZER EFFECTS ON SOILS

Fertilizers alter soil chemistry in ways other than increasing nutrient content. These
changes include increases in soil salinity and altered soil pH. While these changes
are most marked in growing media used for growing potted plants, field soils react as
well. Let us look first at soil pH.

Effects on pH

Fertilizers, mainly nitrogen fertilizers, alter soil pH. Ammonium fertilizers depress
s0il pH by processes that release hydrogen when ammonium nitrogen is added 1o the
soil, First, when roots absorb ammonium ions, they release hydrogen ions into the
rhizosphere (Figure 10-14). More important, nitrification of ammonium ions releases
hydrogen ions into the soil (Chapter 11, reaction f). In potted plams, the effect can be
rapid and greenhouse growers may deliberately use ammonium nitrogen to keep pH
down. In field soil, soil acidification creates the need for repeated applications of lime.,
Fertilizers such as ammonium sulfate are recommended for acid-loving plants such as
blueberries and azaleas.

Nitrate fertilizers have the opposite effect; they tend to raise pH. This occurs
because roots release basic hydroxide or bicarbonate ions into the chizosphere when they
absorb a nitrate ion (Figure 10-14). The basifying effect of nitrate Is much weaker than
the acidifying effect of ammeonia, 5o a 50:50 material such as ammonium nitrate is still
mildly acidifying. The mild pH-raising effect of nitrate ions concerns field growers
little, whe mastly use ammonium sources of nitrogen. Container growers use more
nirrate fertilizers, and they must be watchful for rising pH in their containers.

A measure of potential acidity or basicity may be printed on fertilizer labels as a
calcium carbonate equivalent. For “potential acidity,” the number represents how many
pounds of pure calcium carbonate will be neatralized by the acidity of 1 ton of fertil-
izer, while "potential basicity” represents pounds of pure calcium carbonate that will
have the same basifying effect of 1 1on of fertilizer. In either case, the higher the num-
ber, the stronger the reaction.



Fertilizer burn on leaf margins of
this maple due 1o overapplica-
tion of fertilizer,

SUMMARY
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Effect on Salinity

Fertilizers are salts. They therefore raise soil salinity when applied. In humid areas,
where natural soil salinity is low, small increases in soil salts is of little concern
except when fertilizers are placed near seeds, as in banding. In arigd areas, where natu-
ral salinity may be high and is often increased by irrigation, less-saline materials may
be recommended on golf courses and other situations,

Misapplying or spilling fertilizer may damage roots and cause fertilizer burn
(Figure 14-22). Homeowners who fill their fertilizer spreaders on the lawn risk patches
of dead grass. Growers of potted plant must also carefully monitor salt levels in their
media to prevent a salt buildup.

The old adage that a little bit is good, more is too much applies here. Inspecting a
row of new lilac bushes that had died abruptly one summer, the author found
absolutely fried foliage and a mound of fertilizer carefully placed around the base
of each plant by a hemeowner who wanted to give his bushes a big extra boost.
Benign neglect would have been preferable to this overeager gardener.

We measure fertilizer salinity as a saltindex, which compares salinity of a product 1o
pure sodium niteate, given the value of 100. For instance, potassiom chloride carries a
salt index of 116, or is 16 percent more saline than sodium nitrate, Potassium sulfate,
with a salt index of 46, is clearly preferable as a potassium source where salinity is a
concern. Tables of salt indexes may be readily found on the Interner.

A fertilizer is a substance used o supply essential ele-

ments, Fertilizers may be finely ground minerals, natu-
ral or synthetic organic rn:ltcriats, or inorganic chemi-

cals made by industry.

The Haber process fixes nitrogen from the air o
make ammonia. Ammonia, in turn, is the base for most
other nitrogen carriers, Phosphate and potash result
from mining. Factories treat rock phosphate to produce
superphosphate and purily potash deposits 1o make
potassium fertilizers.

Ground-up minerals supply most of the secondary
elements. They may also be obtained from other
fertilizers, For instance, superphosphate also comains
calcium and sulfur. A wide variety of compounds
deliver trace elements, including sulfates, oxides, FTEs,
anmd chelates.

Fertilizers come in a number of physical forms that
allow many methods of use, Dry blends come in large
grains that can be scattered on the soil, as in broadcast-
ing or topdressing. They can also be banded next to
seeds or used as pop-up fertilizers.

Fluid fertilizers, applied as liquids, can be sprayed
on the ground for broadeasting or topdressing, injected
into the soil, added to irrigation water, or sprayed
on plant leaves. The high-pressure liquid, anhydrous
ammonia, is used to prepare a field for planting or o
sidedress a row crop.

Slow-release fertilizers, unlike other forms, release
nutrients slowly. They find their greatest use in ourf and
in growing poted plants.

Mixed fertilizers contain two or three primary ele-
ments, The fertilizer grade lists the percentage of each



primary element in the form of nitrogen, phosphate,
and potash. These numbers can be used to determine

how much of each nutrient is contained in a fertil-

izer, how much they cost, and fertilizer ratios. Growers
can alse determine how much of each carrier must be

blended to make a mixed fertilizer.

REVIEW

Fertilizers m

Growers have many fertilizers from which to choose,
Obviously, the fertilizer should fit the needs of the
crop and the method of use, and pH and salinity
effects should be considered. Cost is often the maost
important factor.

Why does the price of natural gas affect the
price of fertilizers?

Explain how large amounts of nitrogen fertilizer
can be wasted by volatilization. How can it

e prevented?

Assume you use a complete fertilizer containing
uren, superphosphate, and potassium

chloride. Describe what might happen to all the
nutrients added. How might they be used,

stored, or lost?

Figure the cost per pound of nitrogen for each of
the following:

A, ammonium nitege at $150 per ton
b,  anhydrous ammonia at $210 per ton
. urea at $5.00 per 50-pound bag

How much of each of the following must be mixed
o make 1 won of a 5-10-20: urea, superphosphate,
muriate of potash, and fillec?

What fertilizer grade and ratio does one get
when mixing 25 pounds of urea, 50 pounds of
triple superphosphare, and 25 pounds of
potassivim niteate?

How many pounds of phosphate is in a ton of triple

superphosphate (see Figure 14-1007 How many
pounds of actual phosphorus?

You work in a golf course, and are going to
fertilize an 80,000 square foot fairway with 20-5-20
at the rate of 1 pound nitrogen per 1,000 square
feet, How much fertilizer do you need to buy?
(Hint: the problem is the opposite of the first part
of question 7).

9. You read that bell-pepper plants should be side-
dressed with 75 pounds per acre of nitrogen at first
blossom. How much nitrogen should be applied 1o
your 10,000 square foot planting? (1 acre = 43,560
square feet).

10. A soil-test report recommends an application of
100 pounds per acre nitrogen, 33 pounds per
acre phosphate, and 50 pounds per acre potash.
A bulk blend of what ratio would be
most appropriate?

11. Mame and describe an organic, a mineral, and an
inorganic source of phosphorus.

12. Identify whether each of the following has an
acidic, basic, or neutral effect on the soil. Give
examples of how this informarion might influence
fertilizer selection.

a. sodium nitrate

b. ammonium phosphate
¢ Eypsum

d. dolomitic lime

e. superphosphate

13. What value is there in split applications
of fertilizer?

14, Under what situation is banding fertilizer most
called for?
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Use a soil test of vour grounds and local recommendations 1o develop a fertilizer program for an important crop
in your area.

Safery practices are an important issue when working with fertilizers, especially anhydrous ammonia, This site
has a fact sheer on working with anhydrous ammonia: <htip/fwww.extension.umn.edu/distribution/
cropsystems/DC2326. himl =

This USDA site has tables of fertilizer use and prices over the last four decades, Notice the jump in anhydrous
ammonia prices in 20006, or, in f@ct, a rise that starts around the year 2000, Why? The site is <htop//fwawers.
usda.gov/Data/Fertilizerlise/ >

Before the Haber process was developed, guano and sodivm nitrate (saltpeter) deposits were so rare and
waluable that they helped spark the War of the Pacific between Chile and Bolivia in 1879, There were also sea
battles berween Germany and Britain carly in World War 1 over shipments from the same fields, Why would
armies fight over fertilizers? Check out the story by typing “War of the Pacific and Chile™ or something similar
into a1 Web browser.

Use the Internet 1o learn more about potash or phosphate mining and issues surrounding them,
This on-line “Efficient Fertilizer use Manual” provides detail about the subject of this chapter: <htip:/warw,
back-to-basics.net/efusdefu himiz=,

A nifty tutorial on nutrient management is available at <httpy/nmsp.css.cornelledu/>. This site will be of maost
value following Chapter 15, but vou can check it oul now,



After completing this chapter, you should be able to:
= explain the benefits of organic amendments
« describe how to use animal manure
« describe how to use biosolids
« explain compaosting

« list environmental side effects of fertilizers and amendment

An organic amendment, as defined here, contains both plant nutrients

and large amounts of organic matter, as in the composted turkey manure
in Figure 15=1.

Organic amendments are used o both fertilize and amend the soil. In
this chapter, we stress their use as fertilizers,

While inorganic fertilizers effectively raise soil-nutrient levels, these
organic amendments also improve so0il health and guality in ways that ben-
efit the soil user:

] '[:'.'I'j:'.lni(.' amendments contmin a combination of nutrients,
including secondary and trace elements.

* Organic matter acts as the main soil storehouse of Ny
nutrients, including nitrogen, phasphorus, sulfur, and others.

* Organic amendments contain large amounts of organic mar-
ter to improve the physical concdition of the soil and increase
its cation-exchange and water-holding capacities.

= Organic amendments support the prowth of beneficial Ih.i“H
grpanisms in the soil.

TERMS TO KNOW

organic amendment
phosphornus indes

W

Wil
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Compaosted turkey manune
and wood chips in Arkansas.
(Couriesy of LISDA, NMarural
Resources Consenvation ervice)

* Organic amendments often produce a greater vield than a complete fertil-
izer applicd at the same nutrient rates, especially on sandy soils. Further-
more, improved yvields may continue long after organic amendments are
applied, unlike the shorter-term benefits of inorganic fertilizers,

Society benefits from a grower’s use of these materials because many are waste
products, best and most safely utilized as soil amendments. Other options, such as
landfilling, incineration, and ocean dumping, ciarry greater risks o the environment
and waste their nutrient and organic matter content,

OF the many organic materials available, three account for the greatest use: animal
manures, biosolids, and compost.

ANIMAL MANURE

It is ironic that for many farms wday manure has become a waste disposal problem:
This is an abrupt change, for throughowt history people have long relied on animals
as @ senirce of soil nutrients. However, many Birms do still use this resource, Properly
used, nanure offers many benefits; improperly used, it poses many problems,

Benefits of Manure

When handled and applicd correctly, manure benefits growers in several ways:

* Manure is a fertilizer with good amounts of nitrogen and potash,
Phosphorus and calcivm are present as are lesser amounts of sullur and
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Pounds/ Ton

RAnimal y
Dairy cattle 10 4 g 1 &
Beef cattle 1 8 10 1 3 2
Poultry 23 11 10 3 36 &
Swine 10 3 & 3 1 2
Sheep 28 L 20 2 n i
Haorse 13 5 13 == - —

magnesium, Most manures also have traces of several micronutrients.
Figure 15-2 provides examples of the nutrient content of several manures,

Manure adds organic matter to the soil. Organic solids make up

20 percent o 40 percent of manure. This matter decays readily because
of its high nitrogen content. Nitrogen tie-up occurs only if the manure
includes a lot of straw or wood shavings used as animal bedding.

Manure has longer-lasting effects than an equivalent amount of chemical
fertilizer. Improved yields may continue years after manure stops being
aclded to the sail.

Problems of Manure

Manure can also pose problems for the environment. Recent years have seen an
increasing separation of crop from animal production, with farmers specializing in one
or the other. This specialization may also be regional, which means less local recycling
of manure and the export of nutrients from crop production areas to animal-raising
regions, where manure disposal becomes a problem and its nutrients become a source
of water pollution, Water-quality impairment is often associated with regions of high
animal populations. Large confined feeding operations in these regions compound the
problem (Figure 15-3). Furthermore, global climate models predict intensified rainfall
in some areas that will promote runoff from fields treated with manure. Examples of
environmental side effects include:

= gxcessive application of phosphorus to land, Although manure is not
high in phosphorus, it builds up over repeat applications. With high soil-
phosphate levels, runoff elevates phosphate levels in surface waters, with
results detailed later in the chapter.

* gxcessive rates of manure application to land. This occurs most com-
monly where more animals are being raised than there is nearby land
available to receive their manure safely.

* leaching of nitrates under animal-confinement areas or land receiving
manures, or into drainage systems, and its transport into rivers.

* runoff of organic materials into lakes and streams.
= witer transport of human pathogens into surface and ground water.

* large spills from manure lagoons,

FIgQUure |

Sample nutrient composition

of several ranures, on an as-is
basis (ot dried or compasted), in
pounds nutrient per ton. Actual
compodition of manwres varies
widely and should be measured.
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A confined cattle leeding opera-
tion in Arizond, Concentrations
of ankmals increases the difficulty
of safe manure disposal,
[Courtesy of USDA, Natrral
Refources Conservation Servicel
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= peneration of gaseous air pollutants such as hydrogen sulfide (H.5),
which has human health effects, methane (CH,), a greenhouse gas, and
ammonia (NH ), which can dissolve in local surface waters.

Manure and Human Health

Each year we spread more than 300 million tons of animal manure in the United
States, and more than 1530 pathogens have been found in manure. Most outbreaks
of iliness from water contamination have been linked to animal sources on farms.

Source: Gerba and Smith (2005), Sources of pathogenic microorganismi and their fate during land
application of wastes. Journal of Enviconmental Quality, 3442,

Under the Federal Clean Water Act of 1972, large (eediots are considered to be point
sources of water pollution (see later sidebar), so their operations can be regulated. For
growers today, the goal is (0 make the most efficient use of manures for profit while
mininizing envirommental prolilems,

Content of Manure

Manure includes both solids and liguids, which, for the most part, are feces and urine
of animals. The solid part may also include bedding. As Figure 15-4 shows, solids con-
tains most of the phosphaie. Most of the potash is in the liguid part. Urine holds about
half the nitrogen in manure, primarily in the form of wrea and similar compounds. The
rest of the nitrogen is contained in animal feces,
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Liquid
5%

Several factors determine nutrient content, including the type of animal. In general,
sheep and poultry manure has a high nitrogen content; manure of cattle, pigs, and
horses has a lower nitrogen content. The amount and type of bedding also influences
mutrient content because it thins out the manure. If manure contains a large amount
of high carbon:nitrogen (C:N) ratio bedding, nitrogen tie-up can even occur in the soil
fior a time, The amount and type of rations and age and health of the animal are also
important fictors.

Figure 15-2 lists average values of nutrient content for several animal manures. To
change these values to the standard percentages used in commercial fertilizers, divide
by 20. This operation changes pounds per ton 1o percent. For example, poultry manure
averages 25, 11, and 10 pounds per ton of nitrogen, phosphate, and potash, respec-
tively. Dividing these values by 20, its NPK becomes 1.2-0.5-0.5. This is much weaker
than commercial fertilizer, mainly because manure is largely water and organic carbon.
Manure must be applied in quantities of tons per acre rather than pouncds per acre, Part
of the secret to using manure 15 1o keep s nputrient value intact and prevent large losses.

Mutrient Losses from Manure

Urine contains about 50 percent of the nutrient value of manure, If this part of the
manure is lost, most potassium and much of the nitrogen will also be lost. Uring is lost
when it seeps into the ground through barn floors or in feedlots, A great deal of urine
simply drains away from manure heaps.

Sharp nitrogen losses ocour if manure begins to decay before it is spread. As much as
90 percent of the nitrogen can be lost within three weekis if manure is poorly handled.
The losses occur when urea changes o ammonia gas during decay (see the discussion
of volatilization in Chapter 12). The loss is most rapid when it is warm and the concen-
tration of urea is highest. Water in the manure dilutes the urea and slows the change.
The folloaving storage conditions promote nitrogen loss:

* High air temperatures speed decay, with resulting nitrogen loss.

+ Heat in a manure pile during decay also speeds up losses.

= As manure dries our, urea becomes more concentrited, Theretfore, as
manure dries out during storige, ammonia eoters the aic rapidly,

Figure 15-4

Mast of the potash in manure is
found in urine, the phosphomnus
primarily In feces. Nitrogen is
distributed equally between the
W parts.
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* Freezing also speeds up losses. As the water in the pile begins to frecze,
ures is concentrated in the remaining unfrozen water. The higher concen-
tration speeds up losses.

Mutrient losses continue after manure is spread in the ficld. Ammonia continues 1o
escape unless manure is mixed quickly into the soil. Runoff and leaching increase the
loss, Spreading manure on frozen, sloping land increases the chances of manure being
lost 1o runoff.

Decay organisms respiring in a manure pile change organic carbon o carbon diox-
ide gas. Organic matter decay explains why manure piles shrink over time. Because the
organic marter wou ld be o desirable addition tothe soil, it can be considernsd a loss aswell.

Figure 15-3 summarizes the ways in which nutrients are lost from manure.

.
Handling Manure

Manure may be handled by solid and liquid systems. Solid manure is best spread
immediately on unfrozen ground and quickly plowed into the soil, In this way, nutri-
ents are preserved and are less likely to be carried off the ficld in runoff during rain
events. However, in some regions this technique is not practical in every season.

If =olid manure cannot e mixed into the soil immediately, it should be stored prop-
crly and then applied when it can be plowed into the soil, The actual loss of nitrogen
varies with handling and storage systems. As noted in Figure 15-6, piles in an open
lot, exposed to sun, rain, and air movement, will lose about half their nitrogen.

Long-term storage in lagoons is even worse. Better is short-term storage of solid or
liquid manures in proper storage structures. Good storage facilities have concrete floors
and walls and a roof to stop drainape losses and slow down the deying of the manure.

Liquid manure handling systems, except for large lagoons, are the best way of sav-
ing nutrients. In these systems, growers store liguid animal wastes in concrete pits or
tanks. The manure is about 20 percent or more liguid and can be handled by pumps.
The liquid manure can be spread on fields by machinery (Figure 15=7) ar even by gun
irrigation, Freshly spread hgud manure should be plowed into the soil immediately. In
warm weather, 20 percent of the nitrogen volatilizes within six hours.

co,

Manure plle

Microbe
respiration

C [Organic matter) NHs

Organic N

Mineralization
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Volatilization
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Much of the nitregen and potash j Leaching ; Leaching

can be lost during storage.




. e .‘-'_Ilfggni_cﬁ&me_-:lsﬂm_enls

By far the best way to reduce MULtrient loss and o
manure inko the soil (Figure 15-8), While
greatly reduces nitrogen losse

ater pollution
slowing the
55€S (Figure 15-9), and prove
chion compleme
because injection does not biry crop

510 inject liguid
disposal Speration, injection
s runoff losses that pollute
03 conservation tillage systems {Chapter ),
residues as does incorporation of surface-

local surface waters. Inje

applied manure.

Figure 15-9 summarizes nitrogen losses from varicus methods of application

M athed

Hitrogen Loss (percent)

Solid Systems

Daily scrape and haul 15-35
Manure pack 20-40
Cpzn ot A0-60
I Deep pit (poultry) 15-35

Ligguid Systems Flgura 15-6
Nitregen losses frarm animal
" flected by methaods
SOvE b e 15-30 TMAMAES 25 2 :
Aboveground storag of handing and storage. (MGa-
fhan of Animal Manures af Fertif-
frer; slian, and jones,
T0-80 frer; Sutton, Ne L
Sagoon Purdire Uiniversity]

Anaerohic deep pit 15=30

Earthen storage pit 20-40

Figure 15=7

Liguid manure being spread on
cropland in towa, It thould be
mixed intothe $oil immedaately.
[Cowrhedy of USDA, Natural
Resources Conservarson Service)
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Liguid manuné injéction inta
cropland in Maryland. Injeclion
preserves nutrients and reduces
pollution isswes. (Couwrtesy

af USDA)
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Broadcast without
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Nitrogen losses from manurne Broadcast with
to the air a5 affected by method

of application. (Uriization of SR

Animal Manure as Fertilizes; Injection
Sutton, Nelson, and Jones; I ien
Furdue University) rgato

Solid
Ligyuid
Solid
Liquid
Liquid
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Best Management Practices

As noted earlier, it is a grower's task to make the most efficient use of animal manures
without inflicting damage on the environment. To this end, a number of Best Marage-

ment Practices have been proposed:

= Test manure and soil for nutrient levels. Charts like Figure 15=2 merely
suggest possible levels; actual tests are needed 1o measure exact nutri-
ent content, With tests, the grower can reduce fertlization by an amount

couivalent to the nutrients in the manure,

* Base manure application rates on phosphorus needs rather than nitrogen.
The laver is more commonly done, but in many soils it leads (o heavy

phosphorus soil loading. Basing application rates on phosphorus will

often result in manure being spread more thinly over more acres of land,
which could be difficult for operations lacking the necded acres. In such




situations, reducing phosphorus in animal rations reduces its level in
manure, 50 it can be spread more thickly.!

* Carefully spread manures evenly over the field with calibrated equipment
{Figure 15=10).

* Incorporate or inject all manures into the soil as soon as possible.

Where there is not enough land for safe spreading of all the manure, a grower might
compost the excess and sell ir.

Sensitive Areas

The environmental hazards of manure application increase greatly in sensitive areas.
Such areas feature nearby waters that receive lost nutrients, and soils or LAre L that
promote runoff or leaching into groundwater. Examples of receiving waters mc]un.lln:.
nearby streams, lakes, wetlands, drainage ditches and systems, and well h”“_ds' S?l;
prone to loss include sloping land, sandy soils, and seils with shallow bedrock or hig
water tables, Many states regulate disposal on sensitive areas.

- ®
Commonly, states require setbacks from receiving \\'=llfﬁ-~ﬁaj|:_:~ d::d:mce rl;}mums:;'-
water that manure may not be applied. At a further distance, only injection Im}m“:'tinr:
or sometimes spreading with immecdiate incorporation. An effective tur:llffl?““: i
of water is the vegetative buffer—a zone of dense vegetation along the edge ?1 PRt
(Figurc 8-11). A properly constructed buffer slows the flow af water allowir Fril__“m
infiltrate the soil and filters out solids. The vegetation, in turn, takes up the nut :

" . fonrsal of Stit
Wowell, ., W, Z., & Satver, L. (20013 Dalry diet effects on phosphorous oycles of cropda

st Waker Conservation, 56013, 22-26,

Figure 15=10

Calibrating a manure spreader
in Loutsiana. Calibration is pant
of praper manure management
far the best ute of manure that
protects the ervironment. {Cour-
tegy of LISDW, Neture! Resarces
Consenaanion Service}
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Regulations for CAFOs

The federal Clean Water Act of 1972 listed feediots as point sources that could be
regulated to preserve quality of waters of the United States. In practice, that has
meant regulation of Confined Animal Feeding Operations, or CAFOs. Rules govern-
ing CAFOs were updated in 2003, to be fully implemented by 2007, A CAFO is an
operation with large numbers of animals—1,000 head of beef cattle, 2,500 large
swine, etc.—or aperations with smaller numbers of animals with potential to impair
surface waters. Such operations must obtain a federal or state permit under the
Mational Pollution Discharge Elimination Systerm (NPDES). Requiremenits include,
among other things, filing a nutrient-management plan, keeping detailed records,
and filing reports. Nutrient-management plans must include provisions for such
procedures as

= minimizing nutrient excretion by animals

= staring manure properly

land applications at agronamic rates for N and P

setbacks and buffers from sensitive areas

- perodic soll testing

The rules are reasgnably complex and a suitable subject for advanced study.

BIOSOLIDS

The spreading of human waste on soil has a long history in many socieries, In the United
States, sewage sludge began 1o be spread on land in the carly 1970s in response to fed-
eral clean water and air laws. The Environmental Protection Agency (EPA) estimates
that about half the sewage sludge produced in the United States is spread on land.

Four major options exist for handling sewage sludge: ocean dumping (now prohil-
ited), incineration, landfilling, and land application. The last method may be safest
because the material is diluted by application over large areas, filtered by the seil
matrix, and decomposed by soil organisms. Furthermore, it contains nutrients and
organic matter useful as a soil amendment but wasted in the other treatments.

Land application is a form of recycling by closing a nutrient loop. Farm fertilizers
are absorbed by crops, the crops are eaten by people, and some of the nutrients are
flushed into the sewage system. IF the sewage is then spread on farm fields, nutri-
ents return to the land and the nutrient loop is closed. In recopnition of the value of
this material, it is generally now called biosolids: the primarily organic solid product
yielded by municipal waste-water treatment that can be heneficially recycled.

Biosolids Problems

Biosolids may be a valuable amendment, but they carry potential risks needing regula-
tion. The EPA issued a set of rules in 1993, since amended, governing proper sludge
treatment and application. These rules especially concern three hazards that may be
present in biosolids: pollutants, human pathogens, and human pest vectors.
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Pollutants

Biosolids contain small amounts of such pollutants as heavy metals such as cadmium or
lead, and organic pollutants such as pesticides. The EPA currently regulates nine heavy
metals that can be toxic o animals—as in lead poisoning—or damaging to plants.
Those sludges with the lowest heavy-metal levels may be spread on land with the
least regulatory control; those with the highest cannot be used at all, The intermediate
group can be spread on land with certain restrictions and monitering requirements.

Human Pathogens

Biosolids may contain human discase organisms and parasites, and while these even-
tually die in sail, they may present risks in some situations, Biosolids are classified
according to their pathogen content. Class A biosolids are essentially free of pathogens
and may be safely applied anywhere, including home gardens, with littdle regulation.
Class B biosolids, less treated, may be applied to other lands under certain restrictions.

Pest Vectors

Vectors are insects or rodents that may carry human diseases and that may be attracted
to fields treated with biosolids. EPA regulations require sludge treatments that make
biosolids less anractive to vectors when spread on land.

Other Problems

Biosolids may also present problems of nutrient pollution (see later in chapter), soluble
salts, or odor. Application guidelines are designed to reduce these problems as well as
the major issues described above,

Application Guidelines

Federal rules set standards for biosolids application to protect public health and the
environment; states may set stricter standards. These rules apply to common sites of
land application, including:

= agricultural land, which receives nearly 80 percent of land-applied sludge.

= public contact land, such as golf courses, ball fields, or nurseries.

* reclamation sites, such as strip mines, where biosolids improve the site’s
ability to support vegetation,

* forests, where biosolids have improved the growth of trees,

* lawns and gardens, which have the strictest requirements for being pol-
lutant and pathogen free.

The EPA classifies biosolids that can be spread on land as Exceptional Quality
(EQ) or High Quality (HQ). EQ biosclids meet all the standards for all three problem
areas, while HQ conforms to slightly lower standards. The EPA accepts EQ biosolids
for home and garden use, and they can be used like other fertilizers with little restric-
tion, HQ biosolids can be applied to other land categories, with restrictions like set-
backs from receiving waters and restrictions on winter application.

Federal guidelines specify that biosolids be applicd at rates based on nitrogen needs
of the crop. Biosolids sold in bulk may be applicd to land at the recommended rate
until an upper limit for heavy-metal loading in the soil is reached (e.g., 2,000 kilograms
zine per hectare, or about 800 pounds per acre); then application must be discontinued.

——



A windrow of yard wastes being
composted at a resort in Hawail,
Such composting disposes of
wistes safely while providing a
useful soil amendment. (Courfesy
of Katy Deshotels-Moore, Hualalal
Resort, Hawai)
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Biosolids sold in containers can be applied at less than a specified annoal loading for
pollutants (e.g., 140 kilograms per hectare per year zinc, or about 56 pounds per acrel

Biosolids can be handled much like manure: inpected into the soil, irrigated, or
spread on the ground. Because injection reduces odors, discourages vermin, and less-
ens runoff losses, the EPA prefers such application. Surface-applied biosolids should be
tilled into the soil within 72 hours,

Criticism of Biosolids

Some disagree with current regulation of land spreading of biosolids. It has been
pointed out that the EPA allows higher levels of pollutants than many European coun-
tries. Critics also question many EPA assumiptions and tests. For instance, critics note
that projected rates of percolation imo so0il do not account for the presence of biopores
or other preferential flow paths.? Critics have also challenged assumptions about the
amount of heavy metals entering the human dier. Biosolids are not permitted under
federal regulations for land being used in certified organic agriculture (Chapter 16).

COMPOST

Composting piles organic materials above ground 1o stimulate decay and create a use-
ful soil amendment. Homeowners often compost yard and kitchen wasies, but it pres-
ents large-scale commercial uses as well, Examples of important composting operations
include composting of yard wastes by cities and landscape companies (Figure 15-11)

‘Harrison, E., McBrde, M., & Douldin, D, CO1999). The case for canlion: Recomprrndations for land applica-
Hiid ql":’-:"uutgt shieclge aiord an ﬂwﬂﬂ! of the LS EPA Pard 503 Sludge Rules. Cornell Wasie Manngement
Instituie, Cornell University, lthaca, New York.
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the EPA says 16 million metric tons of yard wastes were recovered for compaosting in
2000. Materials also include other municipal solid wastes, food processing wastes, or
sewage sludge. Murseries and greenhouses compost organic materials such as wood
chips for use in potting soils, and farmers may compost manure and bedding as well
as animal carcasses,

Compost that results from these operations may be used as a soil amendment by the
operator, given away 1o homeowners for their gardens, or sold as a commercial prod-
uct, In the process, a variety of wasies are pul 10 good use.

Some nuirient losses during composting are unavaidable, such as loss of gaseous
nitrogen. MNutrients would be hest preserved by mixing raw organic materials into soil
directly. However, composting offers several benefits:

* Composting reduces the C:N ratio of materials such as leaves or wood
chips, eliminating nitrogen tie-up when it is turned into the soil.

* Composting reduces weight and volume of organic wastes, making then
easier to handle and ship.

= Having already lost labile materials during decay, stable compaost min-
eralizes slowly and better enhances soil carbon long term than other
methods like green manures.

* Heat generated in the pile kills many weed seeds and plant and
animal pathogens.

* Organisms that colonize stable compost can suppress root pathogens—a
trait greatly appreciated by container nursery growers.

People practice a number of composting methods, even using earthworms as com-
posting agents, called vermicomposting, Here we will focus on the primary compast-
ing methodology, the aerated pile.

A properly prepared compost pile mixes carbonaceous and nitrogenous materials to
achieve a C:N ratio of about 30:1. At this ratio, nitrogen is preserved because it remaing
immohilized; at a lower ratio, much will be free to leach or volatilize. At much higher
ratios, the process is very slow.

A compost pile is kept moist but not wet, at a moisture level of about 50 percent. The
pile must be moist to permit rapid decay, but excess moisture creates anaerobic conci-
tions. Anaerobic piles decay very slowly, generate unpleasant odors, and produce “sour
compest” containing organic acids and other chemicals that damage plants.

In commercial composting, wastes may be shredded before it is piled in long wind-
rows and moistened. The composting process now follows three stages. In the Ffirse,
mesaphilic stage, organisms that prefer moderate temperatures begin the decay process,
and temperature begins 1o rise. In the second, thermophilic stage, heat-loving microbes
replace mesophilic ones, and temperature rises to around 150°F. During this stage, tem-
peratures are monitored and whenever it begins to drop, the pile is turned 1o bring in
fresh oxygen and organie matter, and temperatures rise again. The bulk of decay occurs
during the thermophilic stage. When temperatures drop for good, a second mesophilic
“curing” stage takes a month or two, during which stabilization of the compost eccurs.
Mesophilic organisms, particularly actinomycetes and fungi, recolonize the pile; a num-
ber of these organisms are beneficial in being antagonistic to root pathogens,

=]
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Component

Total nitrogen 44.00

Phosphate (P,0y) 68,00

Paotash (K00 38.00

Calcium carbonate 160,00

Magnesium B.00

Sulfur 12.50

Sodium 556

Iran 6,80

Aluminium a.24

Manganese 0.73

Copper 0.59 Aeerhge andhysis of ane wood
Zinc 0.50 shavingturkey manuwre compast
Organic master 190099 pti s

Well-prepared compost is well decayed and stabilized. It is low in heavy metals and
soluble salts with a pH between 5.0 and 8.0, Particle size should be around a millimeter
in size, with little or no foreign matter, such as pop-can tabs. The C:N ratio should be
between 15:1 and 25:1, and it should be free of the toxic residues of anaerobic decay. It
should also be mostly organic matter, with little soil mixed in. Figure 15-12 shows nutri-
ent analysis of a turkey manure/bedding compost from one composting operation,

FERTILIZER AND THE ENVIRONMENT

Fertilizers aid the productivity of American farms, but they have not been without their
problems. Pertilizers, manures, and sludges all can cause pollution and human health
problems. The grower who is environmentally aware acts to keep these problems (o a
minimum by practicing proper nuirient management,

Animal and Human Health

The main health problem is the effect of nitrates on animal and human infants, and
ruminant animals like cattle. Small amounts of nitrates in drinking water cause an in-
fant anemia called “blue-baby disease” (methemoglobinemia), In which the ability of
the blood to carry oxygen is reduced. In some rural parts of the United States, water is
no longer fully safe for human or animal infants (Figure 15-13).

A certain amount of natural nitrate leaches into groundwater from normal miner-
alization of organic matter and other natural nitrogen inputs. Grower additions such
as fertilization or manuring increase the nitrate load, Thus, groundwater may be con-
taminated by nitrates from water percolating through fertilized soil. This has cccurred
most often on irrigated outwash sands with water tables near the surface. These soils,
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WARNING!!!

DO NOT DRINK THE WATER IN
THIS FACILITY

not
drink

DIGNIIN! BIYAHAN HA CABIR

JADWERTENCIAL! NO TOMEN ESTE AGLA

LUS CEEE TOOM! TXHOB HAUS COV
DE] NTAWM NO

WATER FROM THIS BRALDING 15 CONTAMINATED B
HICH LEVELS OF NITRATES

naturally droughty and infertile, tend w be heavily irrigated and fertilized. Biopores
and other soil channels can also rapidly transport nitrates into groundwater. Some
regions also feature a peology (Kearst ropograpdind with sinkholes that provide a direct
route o the water table by pollutants,

Eutrophication and Hypoxia

Mutrient losses from farms and landscapes cause eutrophication, an increase of
algae growth in water bodies, In many ecosystems this is a slow, long rerm but natural
process. However, fertilizer inputs dramatically speed up the process. The EPA rates
cutrophication as the most widespread water-guality problem in the United States,

In freshwater systems, while nitrogen contributes o the problem, phosphorus most
often limits algal growth and so is a major cause of eutrophication in lakes and streams.
it leads to loss of water clarity, less dissolved oxygen in the water, damaged aguatic
ecosystems, and reduced value for swimming or fishing (Figure 15-14), When severe,
extreme low-oxygen conditions, called hypoxia, results in major losses of aguatic life,
imclhading fish.

Phosphorus discharges from point sources such as sewage-teeatiment plants ancd
inclustry have been greatly reduced, leaving agriculture as the major contributor. Phos-
phorus enters surface waters primarily in runoff from fertilized or manured fields, either
in solution or attached to soil particles. For instance, failure 1o incorporate manure leaves
phosphorus to accumulate in the top couple of inches of soil, where it can be removed
by running water and transported into streams. In many locations, years of fertilizing
and manuring has resulted in soils with surplus phosphorus, raising the hazard of loss.

Fora summer, the public was
warmed not to drink the water in
this freeway rest stop in
Minnesata becauie of nitrate
contamination; note the warning
an the sign. Eventually the prab-
lerm wad resalved.




Algae growth makes this lowa
Lake bess suitable for recreation, &
consequence of nutrient runoff,
[Cowrtesy of USDM, Natural Re-
sources Comsenation Service)
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Senate Testimony

“Agriculture—cropland and pastureland—accounts for 77 percent of phosphorus
entering the Mississippi River drainage.” ... “Livestock manure accounts for 26 per-
cent of the phosphorus that enters major rivers in the United States.”

Source: Craig Cox, Soil and Water Conservation Soclety testimony to Senate Committese on
Agriculture, 2007,

One effort o reduce the problem is the phosphorus index, an effort to quantify
potential phosphorus hazards on lands, to identify sites with a higher risk of phospho-
rus movement, and 1o help devise corrective plans. Researchers have devised various
indices around the nation. They have also been used in regulations.

In coastal marine ccosystems nitrogen tends to be more limiting, so it is the major
problem. The largest argas of low-oxygen conditions occur in hypoxic zones of the
coastal aceans of United States, Europe, and Japan. These areas of severe hypoxia have
grown in recent decades where river systems enter the ocean. Here nuirient inputs,
particularly nitrares, cause an offshore growth of algae, These scttle to the bottom, and
their decay reduces oxygen levels in subsurface water, The effects of this hypoxia can
serlously damage commercial and recreational fisheries.

The Gulf of Mexico hypoxia zone ranks as the largest in the United States. This zone

along the coast of Louisiana and Texas can reach an area about the size of Conneeti-
cut during the summer. It is fed by an average annual input from the Mississipps River
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of some 1.5 million metric tons of nitrates, mostly from the Corn Belt but also from
other croplands of the river basin. The Council for Agricultural Science and Technology
{CAST) reports that an estimated 55 percent of this input comes from fertilizers and
another 25 percent from legume crops.

Large areas of artificially drained soils in the Mississippi River basin are a major
comtributor o the Gulf hypoxic zone. Drain tiles readily transport leached nitrates
into streams that eventually feed the Mississippi River. Reducing the severity of coastal
hypoxia means reducing nitrate leaching and transport in drainage systems through
such methods as Agriculture Drainage Management Systems (Chapter 9).

Energy Costs

Fertilizers have a high energy cost, particularly nitrogen fertilizers. Each ton of
industrially fixed nitrogen consumes 1.5 tons of natural gas, and several percent of the
nation’s vearly fuel bill goes 1o making fertilizer. This high energy bill raises the cost
for farming and even threatens farms if supplies become limited. Organic firmers cite
this factor as one reason for avoiding chemical fertilizers.

Human Changes in Global Nitrogen Cycles

Ecologist Peter Vitousck and others have argued that humans have greatly altered
the global nitrogen cyele, Most of the world's nitrogen pool (N, gas) is useless w
most organisms. Humans now create as much biologically active nitrogen like
nitrates or ammonia as all the natural processes combined, produced by burning
fossil fuels, fertilization, and legume cultivation, For instance, fertilizer factories fix
about B0 million metric tons of nitrogen annually. Much of this nitrogen eventually
moves elsewhere in water or in the atmosphere. The Gulf of Mexico hypoxic zone is
Qe Con SCQUCnoe,

Some results are well known, such as those described above, Others remain unclear.
Nitrogen oxides, released from fertilized soil by denitrification, act as strong green-
house gases, add o smog, and acidify soils and waters. Nitrogen enrichment is also
changing the nature and health of natural ecosystems. An Enrichment Exercise cites a
Web site where one article on the subject can be found.

Nitrogen Deposition and Species Diversity

The results of a 23-year long study of low chranic rates of human-induced nitrogen
depaosition, similar to those common to many parts of the globe, on experimental
prairie plots were published in 2008, Results showed that treated plots lost

17 percent of their species compared to control plots. A follow-up study showed
that species diversity could recover if pitrogen deposition ceased. The study indi-
cates nitrogen deposited from the atmosphere from industrial, transportation and
agricultural sources is reducing species diversity in nature, and that the loss can be
reversible if we can strongly reduce those sources.,

Source: Clark, C., & Tilman, D, (2008). Loss of plant species afver chronic low-level nitrogen deposi-
tian to prairie grasslands. Nature, 451, 712-715.
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Best Management Practices

Growing the crops needed by humanity requires plant auteients in some form, but
wie can use cropping svstems that make the most efficient vse of them. Best Manage-
ment Practices, or BMPs, are practical cropping systems that reduce environmental
impacts of practices such as fertilization. The BMPs that we use to maximize benefits of
nutrients while minimizing their environmental impact, including not just fertilization
and manuring but irrigation and other practices, are included under the umbrella term
nufrient managemend,

It is estimated, for example, that only half the nitrogen applied to crops actually
ends up in those crops—the rest is lost to water or the atmosphere. This not only cre-
ates nutrient problems, but also costs growers money: the CAST report suggests that
$410 million worth of nitrogen fertilizers is annually lost down the Mississippi River.

Many of the practices described elsewhere in this text are BMPs thal improve
nutrient use. Examples include:

* practices such as conservation tillage that reduce erosion and runoff.

« efficient irrigation practices that reduce nitrate leaching and denitrifica-
tion on irrigated lands.

* proper manure handling to increase autrient retention and decrease such
losses as leaching and runoff from feedlots and fields.

= fertilization practices that deliver fertilizers at times and rates best suited
to plant growth, such as split applications.

* precise fertilizer applications resulting from good soil testing with credits
taken for manure and legumes. Precision agriculture is a good ool

» careful use of fertilizers on lawns and golf courses, such as sweeping up
granules and clippings from sidewalks.

» use of slow-release fertilizers and recycling of all irrigation water in con-
tainer-growing nurseries and greenhouses,

* controlled drainage systems.

*+ vegetative buffers along sensitive areas.

* COVEr Cropping to “sop up” excess nitrates before they can leach.

= budgeting nutrient inputs 5o they equal nutrients removed by harvest

* many of the practices of organic and sustainable agriculture.

SUMMARY

Manure, biosolids, and compost provide a double ben-
efit o growers—they contain nutrients to promote crop
growth and organic matter to improve the soil. Apply-
ing these materials 1o land is a good allernative 1o other
disposal methods,

Manure is highest in carbon, nitrogen, and potash.
It also contains phosphates and secondary and trace
elements. Proper handling of manure reduces nutrient
losses and lowers the chance of polluting surface
or groundwater. Manure is best injected or spread on
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unfrozen land as soon as possible after collection
and then tilled into the soil, IF this is not

practical, the grower should store manure in sealed,
covered pits. Some liguid systems also work well to
preserve nutrients,

Biosolids are recycled “human manure” and can be
handled much like animal manure. However, possible
health prablems from heavy metals and human patho-
gens mean that it must be used according to state and
federal EPA guidelines. Biosolids are applied according
to the nitrogen rate to a variety of crops and sites.

Composting is a way 10 reduce the C:N ratio of
organic materials and to kill harmful organisms, For
example, composting sludge with wood chips stops

REVIEW

nitrogen tie-up from the chips while killing pathogens
in the sludge,

Any nutrient source—rFertilizer, biosolids, or
manure—can harm the environment if used improperly.
Mutrients and pathogens can wash into surface waters
or leach into groundwater, causing pollution and
human and animal health problems. Using inorganic
and organic fertilizers in the suggested ways and rates
and aveiding erosion are important ways to reduce
these problems.

Farn fertilizers increase national energy use and force
agriculture to rely heavily on fossil fuels, For most grow-
ers, making the maost efficient use of fertilizer, biosolids,
manure, compost, and legumes is the best answer.

1. Assume you are advised by a soil-test recommen-
dation to apply 150 pounds nitrogen per acre (o a
crop. How much dairy cattle manure would you
apply if half the nitrogen becomes available that
first season (using numbers from Figure 15-2)7 You
will incorporate immoediately and we will assume
ne nitrogen loss by volatilization.

2, In Question 1, Figure 15-2 provides an average
nutrient content. Is this proper? If not, what should
you do insteacd?

3. In the manure application of Question 1, how much
phosphorus would you be adding? What might be
consequences if this rate is higher than that recom-
mended on the soil-test repore?

4. Garden centers offer lawn fertilizers manufacturecd
from municipal sewage-treatment systems. What
must be true of such products, and what must be
their biosolids rating?

5. Explain why nitrogen losses in compost piles can
be high if the pH is too high. Review Chapter 12

if necessary.

ENRICHMENT ACTIVITIES |

6. Oecasionally large manure lagoons spill their con-
tents into local surface waters. Based on this chap-
ter, what effects would this have on those waters?

7. Manure injection reduces the loss of phosphorus
from felds over surface application. Explain why.

8. Looking at Figure 9-8, what potential pollution
problem should come 1o mind after reading this
chapter? Can there be a consequence far from this
fieldd? Sugpest a couple of actions one might take w
reduce the problem.

9. Assume you store liguid manure in a lagoon ancd
then broadeast it without incorporation. How much
of the eriginal nitrogen excreted by the animal will
be left (Figures 15-6 and 15-9) a few days after
spreading? Is this significant nitrogen fertilization,
or merely waste disposal?

10. Describe policies and regulations about manure or
biosolid application to land in your state. Informa-
tion can be obtained by entering “manure” and
(name of stated into a Web browser.

1, Visit a facility that works with one of the amendments described here, such as a composting Facilicy,

sewage-treatment plant, or manure-storage fcility.

2.  Build and manage a compost pile,



Chapter 15 e

For further details on manure handling, read the CAST 1996 report “Integrated Animal Waste Management,”

Find Internet sites on manure handling, like the one at
<http:fwww extension.umn.edu/distribution/cropsystems/DC7400. limil =

Proper manure management involves land application at the correct rate, which means calibrating the spreader.
Here is an Internet site with instructions: <htiip:Ywww.ext.eolostate.edu/pubs/crops/00561 himl>.

Read “Agricultural Nutrient Management and Environmental Quality: Position of the 5oil Science Society of
America” ar <hupsywww.soils.org/pdfifpos_paper_nut_management.pdi=,

Rescarch the Gulf of Mexico hyvpoxia zone on the Internet.

The Ecological Sociery of America offers an anticle by Vitousek ev al, Human Alteratfon of the Global Nitvogen
Cvele: Canses and Consequences in s on-line journal Issues i Ecolopy, available af the EPA Web site <hitp:
www.epa.goviwatertrain/pdf/issuel. pdfs.

Check oul George Washington's composting operations at Mount Yernon at <htipfwwwcitviarmer.org/
washington. htmis,

Find the EPA's page on biosolids by typing “biosolids EPA” inte a Web browser.

The on-line tutorial mentioned in Chapter 14 provides more coverage of topics such as nuirient management,
manure handling, or phosphorus indices, ar shtnipzdnmsp.oss.cornelledu/>.

Several states offer financial aid and matching services to help animal operations with oo much manure 1o ship

it to crop growers who can use it. Maryland has such a service; an on-line pamphlet is at <herps$wawomda.
state.md.us/pdffmanurematching. pdf=.




After completing this chapter, you should be able to:
- explain the reasons for and effects of tillage
= describe conventional and conservation tillage
= list several cropping systems
= briefly describe organic and sustainable agriculture

To produce crops, 2 grower places seeds in contact with the soil, provides
nutrients, controls pests, and manages soil water, These activities usually
involve some form of tllage. There are many ways to work the soil and
different situations require different methods. Each method has an effect
on the crops and the soil. Eardy in this text, the author stressed the coming
role of growers to sequester carbon in their soils—one tactic in efforts to
reduce global climate change. Carbon storage in so0ils can be quite sensi-
tive 1o tillage and cropping systems. This chapter looks at some standand
tillage and cropping systems.

USES OF TILLAGE

Tillage is working the soil to provide a favorable environment for seed
placement and germination and crop growth, In the United States, mecha-
nization and research have led to a variety of tillage systems. Regardless
of the method of tllage used, 4 grower has three basic poals: (1) weed

contred, (23 alteration of physical soil conditions, and (3) management of

crop residues.

CHAPTER 16
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Weed Control

Tillage for weed contral ¢an be divided into two time periods: before crop planting and
after crop planting. Before planting, tillage prepares a weed-free seedbed that greatly
simplifies weed control during the growing season. Tillage desiroys young seedlings,
and repeated tillage operations may also weaken perennial weeds, After planting, cul-
tivation continues 1o destroy or bury emerging seedlings. However, deep cultivation or
cultivation late in the season may sever crop rools and reduce vields,

The importance of tillage for weed control has declined with increases in both her-
bicide use and tillage systems designed around herbicide use. Some herbicides require
incorporation into the sail by shallow tillage, However, with increased interest in
organic agriculture, rencwed emphasis on mechanical tllage may be expected.

Physical Soil Conditions

Tillage alters physical soil properties, such as structure, moisture, and femperature.

Tillage during seedbed preparition stirs and loosens soil, improves aeration, and cre-
ates a suitable medium for growth. Deep tillage and subsoiling may emporarily break
up subsoil compaction,

However, tillage causes a long-term decline in physical structure. The decline 18
partly due (o losses of =soil organic matter that result from tillage. Repeated tllage
operations crush some soil aggregates. Wheel traffic compacts the soil, especially wet
soils, and tillage pans may form. Soil aggreg
from raindrop impact, causing crusts that hinder seed germination and shed water.
Bare soil resulting from many forms of tillage erodes easily. Recent changes in tillage
aim 1o reduce these adverse side effects.

tes on the surface of bare soil shatter

Tillage also affects the moisture level and temperature of soil. Tilled soil usually
wirms and dries earlier in the spring, allowing earlier seeding and better germination.

In areas where soil tends o be wet or cold in the spring, crops may be ]'.ul-.l.nu:f.l o
ridges created by tillage. The ridges warm and dev faster than the rest of the soil.

Shallow cultivation of crust-forming soils may improve crop yield even where her-
hicides are used o control weeds, By breaking up crusts, cultivation improves waler
infiltration and reduces runolf, Such cultivation should be just deep enough 1o break
the crust.

Crop Residue Management

Alter most crops are harvested, residues such as stalks or leaves remain in the feld.
The amount of residue depends on the type of crop, how well it grew, and how it
is harvested. For example, corn leaves about 8500 pounds of residue per acre for a
150-bushel crop, and about 5,000 pounds of residue for a 100-bushel crop. If corn is
harvested for silage rather than grain, litle residue is left in the feld. Figure 16=1 lists
residues for several crops.

There are several ways groswers manage crop residues, depending on objectives,
Muoldboard plowing burics crop residues, resulting in o clean feld that is easy (o plant
and cultivate. In semiarid grain-growing arcas, special tillage wools, incuding rodweed-
ers and sweeps, Gl under the surface o Kill weeds but leave residues on the surface
o protect against wind crosion, Conservation tillage in more humid climates leaves
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Approximate

Residus pir ch Sample Yield Sample Resi
Grain{lb/acre] x yufacre) . {ib/ac
Barley B0 50 4,000 Figure 16-1
Cormn 56 125 7,000 Crap redidues in pounds per
. acre for several crops, To obtaln
Flax 80 13 1.200 these values, the number of
Dats 50 32 4,300 pounds residue per bushel of
graln is multipiied by the per-
Rye 100 30 3,000 acre yield. Sample yields may
Sorghum 50 50 3,000 nal represent yields in your area,
Mate that the higher the yield,
Soybeans 50 4 2,000 the greater the crop residues
| Wheat 100 40 4,000 available to protect sofl or add
I arganic matter to the soil,

Estimated Percentio

Residu 1aiming After
Eax

Inverting Tools

Moldboard plow 5

Lister plow 20
Mi:-:||1q_'| Tools

Field cultivator 80

Chisel plow, spear point 80

Chisel plow, twisted point 50

Rototill 1o 6 inches 25

Rototill to 3 inches 50

Tandem disc to & inches 25

Tancem disc 1o 3 inches 50

B &0

Spring-tooth harrow Flgure 16-2

oM ESTACTTATOUE &0 Percentage residue remaining
Subsurface Toals after one pass over the field. 1f

tw or mare tillage operations ane
Blades or sweeps 20 practiced, each operation after
Rodweeders 90 the first uncavers about half the

amount it covars.

residues on the surface to protect against water erosion. Figure 16-2 lists the amounts
of residue left on the soil surface from various tillage tools.

In addition to crop residues, tillage may also incorporate phosphate, potash, and
lime into the root zone. Tillage also incorporates sewage sludge, manures, and nitro-
pen sources such as urea that volatilize if left on the soil surface.



The moldboard plow shears off

a segthon of soil and inverts i1,
lpasening the soil and burying
crop residues of other materials
lying on the soll surface. tis a
wraditional tool of prirmary tillage,
(Courtesy of John Deere Company)
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Seedbed Preparation

The three reasons for tillage come together in preparing a seedbed 10 ensure that the
soil meers the needs of germinating seeds. Secds need a moist soil ar the right temper-
ature with sufficient air for seed respiration. The soll should be loose enough for gpood
aeration, but compact enough around the seed for good soil/Seed contact. It should be
free of clods that prevent proper seed/soil contact and seedling emergence.

Seedbed smoothness and the amount of allowable crop residues depend upon seed
size and type of planter. Large seeds, such as corn and sovbeans, germinate ina
fairly rough seedbed while small seeds, such as alfalfa, germinate best in a very fine,
firm seedbed. A scedbed free of crop residue is easiest o plant in, bot conservation
tillage demands that crop residues be left on the surface to control crosion, Most
older seed planters only operate on a fairly smooth, clean scedbecd. Many modern
and clods, preparing correct soil conditions

planters can plant through crop residues
near the seed.

CONVENTIONAL TILLAGE

Conventional tillage, the primary form of tillage since invention of the moldboard
plow, involves two stages. First, primary tillage breaks up the soil and usually buries
crop residues. Primary tillage is often accomplished with an inverting implement, like
inverts or tips over the wp few inches of soil.

the moldboard plow or lister plow, tf
Secondary tillage produces a fine seedbed by a series of operations that break up the
soil into smaller and smaller chunks. Secondary tillage involves mixing implements
like harrows, The following discussion describes these operations in more detail.
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Primary Tillage

The traditional primary plowing tool is the moldboard plow. The moldboard shears of f
a seetion of soil, tips it upside down, and fractures it along several planes (Figure 16-3),
In the process, any organic material on the soil surface is buried. The moldboard plow
leaves the surface very rough with a series of ridges and furrows. Moldboard plows
work best in moist soil; in wet or dry soil the operation uses more power and the

resulls are poor,

An alernative to the moldboard plow is the chisel plow (Figure 16-4), a set of long
curved teeth that are dragged through the soil. Chisel plows fracture and loosen the
soil without inverting it or burying most of crop resicue,

rure 16-5) feature even larger, stouter tecth pulled deeply

Subsoilers and rippers (Fi
through the soil to shatter tillage or natural soil pans. Subsoiling should be done when
the soil is dry, because if pans are modst, they do not shatter, Deep plowing can tem-
porarily help water infiliration and roat penetration into the subsoil. Usually, however,
compacted layers re-form as soil is exposed to further wheel traffic and rillage.

=

.
econdary Tillage
often involves a two-step harrowing process. In the first stage, ridges
smoothed out ancd large clods broken up. Then smaller lumps

Secondary il
felt from plowin
pulverized and a fine seedbed is pr-:‘-thl-.'-::r.l.

Growers commonly begin the operation with a disc harrow (Figure 16-6). The typi-
wgs of discs set like the four arms of an X The front

ds !’nur ?:

cal tandem disc h
two gangs turn the soil outward, and the back two turn it back in. A disc tends (o

354
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This chisel plow loosens soll
without imverting it or burying
all crop vesidues, [Courtesy of
USDA, Natural Resources
Canservation Service)
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A ripper for breaking up subsgil
compaction, The large, heavy-
durty teeth are dragged deeply
through the soil, This one is
adapted for conservation tillage
and leaves crop residues uncoy-
ered. (Courresy af John

Dreere Compamyd

The disc harrow, & common
secondary tillage tool. (Cournesy
of John Deere Company]
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compound compaction problems because it shatters soil aggregates but does not dig
deep enough o loosen compaction. Some crop residue is covered in the process,

spring-tooth harrows and ficld cultivators (Figure 16-7) may be used rather than the
disc. A springy (:_._~.||,|E;|4,_-1.| tooth and a spear roint or broad showvel digs into the sail,
dragging clods to the surface and breaking them up.

A finishing harrow or drag, completes the job of pulverizing the soil. Here, smaller
teeth break up the smaller lumps and smooth the surface. Figure 16-7 shows a drag
heing pulled behind a spring-tooth harrow.

The steps just described are often modified. If the soil has good tlth, deep tillage by
plowing may mot always be needed. In such cases, the tandem dise is heavy enough o
be used alone. Grewers often combine operations, hitching several tillage tools behind
the tractor. Any time a grower can eliminate a pass through the ficld, compaction is
reduced, and time and fuel are saved,

Lister Plowing

Lister plows arc equipped with two moldboards mounted back 1o back. resulting in
a pattern of 10-inch-high ridges and furrows across the Gield (Figure 16=8) In humid
regions, crops may be planted on the warmer, deder ridges. In arid areas, they nuay be
planted in the moist soil of the lister furrow. Listing can also help protect the soil from
wind erosion. Listing on the contour captures wiler o improve water use and reduce
WELEr EFOSION.

Preparation of Furrow-irrigated Fields

Adelitional steps are needed to prepare furrow-irn

ated felds, After standard primacy
andd secondary tillage, the grower carclully levels the field with o blade o ensure

Figgure [G=J4

A field cultivator and haraw
performing secondary tillage.
Several gangs of shovels are
pulted through the soil, followed
by & harrow Tor final smoothing.
(Cowrtesy of John Deere Company)

e

Figure 16-8

Alisted field, Motice the ridges
and furcows. (Fhoto by David
Meika, Courresy of Shutrersiock]
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proper grade for flow of surface-applied water, Then the field is listed with a special
ool to create ridges and furrows,

Timing and Depth of Plowing

Farmers in the eastern United States can plow in either fall or spring. Fall plowing gives
the farmer a head start on spring planting by warming and drying the soil. Freezing
and thawing on fine-textured sail breaks up large lumps, making it easier 1o develop a
good seedbed. The henefits of fall plowing are especially important with fine-textured
soils with somewhat poor drainage,

Spring plowing leaves crop stubble in the field over winter to capture snow and
reduce erosion, To conserve soil, one plows in the spring unless there are overriding
reasons for fall plowing.

In the western United States, where moisture preservation is critical, plowing
immediately after harvest gives more time for the soil 10 store moisture if weeds are
controlled. However, leaving soil bare increases the risk of erosion,

The standard plow depth of 7-8 inches gives the best results. Shallow plowing
results in a poor seedbed, and deeper plowing mkes more power without noticeably
improving yields.

CONSERVATION TILLAGE

Conservation tillage is a program of crop residue management aimed at reducing ero-
sion. Rather than plowing under crop residues, some or all residue is left on the soil
surface. The working definition of conservation tillage requires that 30 percent or more
of the soil surface be covered with crop residues,

Conservation tillage reduces water and wind erosion by at least 50 percent o
60 percent. In areas where moisture can be limiting, conservation tillage increases
soil moisture by improving infiltration and reducing runoff, reducing evaporation, and
trapping snow. Because of reduced runoff, fewer pesticides and nutrients leave the
field. Conservation tillage also improves organic matter content near the soil surface,
as described in Chapter 6. Conservation tillage, therefore, is one of the most important
Best Management Practices (BMPs) for soil and water conservation.

Conservation-tilled soil tends 1o be cooler than clean-tilled soil because of light
reflection off the mulch and increased soil moisture. In warm climates, cooler soil ben-
efits production, but may hinder early growth and planting in northern states. Diffusion
and mass flow of nuirients improves in the moister soil, increasing nutrient aptake.

Other benefits of conservation tillage are obtained from fewer trips across the field,
These benefits include less time in field work and lower Tuel costs, At times, compac-
tion is reduced because of less wheel raffic. Conservation tillage may also require
fewer implements, thus reducing equipment costs per acre. Fewer and quicker tillage
oaperations also specd planting of a second crop in the field, allowing increased use of
double-cropping systems (later in chapier),

Conservation tillage increases biological diversity in the field, an important consid-
eration for soil gquality. This means a more diverse soil microflora, more diverse insect
populations, as well as higher aumbers of earthworms. Conservation tillage disrupts
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fungal networks less, improving habitat for fungus and especially for mycorrhizae fun-
gus. Conservation tillage provides better habitat for pheasants and other wildlife. For
instance, no-ill fields have been shown to provide habitat for nesting ducks in North
Dakota and nesting bobwhite quail in Tennessee.

Increasing carbon sequestration in farm fields also calls for conservation tillage.
Conservation tillage reduces total greenhouse gas emissions from farm fields and farm
operations compared to conventional tillage, and increases soil carbon storage.' No-till
functions best from this perspective,

Conservation tillage, of course, presents its own set of challenges. For instance, a
greater challenge of weed control follows less tillage, with greater relinnce on herbi-
cides. Fertilization practices must be adapted 1o the system. Nevertheless, because of
soil conservation, water quality, and economic benefits, its use continues to geow, The
United] States Department of Agriculture (USDA) reports that in 2000 about 36 percent
of 1.8, agricultural land was under conservation tillage.

Conservation tillage covers several different tillage methods:

Mulch-Till or Chisel-Plow

A chisel plow (Figure 16-4), which loosens the soil but does not invert it, is used for
primary rillage. Chisel plowing to 8 inches leaves the soil rough with about 50 percent
1o 80 percent residue cover. A subsequent light discing reduces residues to between
30 percent and 50 percent. Seeds are then planted through the remaining residues.
After planting, light cultivation and herbicides control weeds, Mulch-till can work into
an organic growing system, which does not permit herbicide to substitute for cultiva-
tion, though it may take some change in tools and techniques o maintain sufficient
residue cover.

Strip-Till

With no primary tillage, a specialized implement tills a band of so0il and plant seeds
into the band. A different type of implement simply sweeps residues off a strip into
the middle of the rows as the seed is planted. The planting operation bares about one-
fourth of the soil surface, leaving about 50 percent of crop residues.

Ridge-Till

The ridge-till system excels in cool, moist conditions. Seed is planted on G-inch ridges
(Figure 16=9 with crop residues swept into the shallow furrows. About two-thirds of
crop residues remain after planting. Cultivation with special tools minimizes residue
burial and rebuilds ridges for the coming year,

The ridges in this system warm up and dry more quickly than soil in other tillage
systems. In adedition, if oriented across the slope, they further reduce runoff and ero-
sion. Or, if oriented perpendicular to prevailing winds, they reduce wind erosion and
help to trap snow, The roots of plants on the ridges also grow separated from the

'Robertson, G, et al. (20008 Greenhouse gases in intensive agriculieee: Contribatlons of individunl goses o
thee radiative forcing of the simasphere, Sofence, 289, 19221925,

)
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Sovbeans planted ridge-till in
corn fesidues on lowa Farm. Coin
residues are swept into the row
middies, and shallow ridges
formed by tillage, Planting is
done on the ridges, where soil
will be warmer and drigr, {Cowr-
resy of U5DA, Notural Resources
Cantenaaiion Senvice)
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compacted zone between the ridges where wheel traffic ocours. Ridge-till, like mulch-
till, can also be compatible with organic agriculture.

No-Till

In this method soil is barely disturbed (Figure 16=10), Specialized planters cut a slot
through residues, insert the seed and fertilizer, and close the slot, About 90 percent of
the soil surface is untouched, Contact, svstemic, and preemergent herbicides are used
1o control weeds with no cultivation, though the heavy cover of dead vegetation may
reduce weed competition.

Because no-till involves the least soil disturbance, it maximizes the benefits of con-
servation tillage. By not disturbing the soil surface, it preserves the tops of earthworm
and other channels at the surface, greatly improving water infiltration. No-till best
preserves soil organic matter, and organic matter content actually rises in the soil near
the surface. OF all the tillage systems, no-till most reduces greenhouse gas production
and stores the most soil carbon, However, the greater number of biopores open to the
surface can increase downward movement of nutrients and pesticides, such as might
happen il min falls heavily soon after surface application of liguid manune.

A number of general principles apply o conservation tillage, Crop residues should
not be burned, and baling or grazing of crop residues should not deplete residues
below the acceptable level. Tillage and plamting implements should be used properly
10 preserve residue cover

Resicue levels can bee predicred from dat on crop residues left by crops (Figure 16-1)
and the amount of residue remaining from cach pass with an implement (Figure 16-2), It
an also be measured directly in the field (Chapier 18),
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gure 16-10
Peotill planting of com knta a bar-
Iy cewer cropin VErginia. Seeds

W : 152 i i ; are planted inta barely disturbed
i _,.,- o ’. ; 13 R - 3 Fetichues for maximum $oil eaver,
[ S o TN A ¢ {Courtesy of USDWA, Natural
S '.'g'-' A Rescunces Conservation Service)

DIFFERENCES BETWEEN
CONVENTIONAL AND
CONSERVATION TILLAGE e

Conventional and conservation tillage differ in more than the obvious ways, Most grow-
ers ask first about yields, Current research shows equivalent yields from conventional
and conservation tillage if known technology is applied to cach tillage system and the
SYSLEMS are matched Lo Crops and soil Ly s, FI'E_'II'I'I: 16-11 jfl:l'l‘.'i'l'lldl.’s SOEE Compa risans
of the systems. Shifting from one tillage system 1o another demands shifts in other
nuimagement practices that can challenge the grower,

Equipment

Conservation l|'||;|_i;g_- pl;h’_w;s OIS :I'quli:".'l'l'l.'l.‘l'll-t'r n fqu'iljll-u-'l'll:. For l'-‘-"{m“plc" msiducls
should be spread evenly behind harvest equipment. Planters must penetrate the rosl
dues, place and cover seed, and ensure seed/soil contact in 3 rough seedbed. Tillage
and cultivation equipment must be designed to operate in |||_"m-}r pesidues without clog:
ping and minimal burial of residues.

Fertility

Because there is less soil mixing in conservation tillage m*l“-"-‘.‘i;l.l]}" in no-till, the fm‘ﬂr
and placement of fertilizers are affected. Lime, |1-huapl:u|;.g_.s1 and Immsh pend 1o Sty
near the soil surface, However, because residues provide 5 Mylh, soil near the :iMfFU-F"Er
teneds b remain moist, promoting oot growih near the SurF-'Ie_'e and impmviﬂg uptake
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Tillage System Cornield{bufacre)

Conventional tillage Average corn yield after tillage

Chisel plew twreatment for continuous cormin
Ohia on a silt leam. On this soil;

Mo-till, after harvest for silage ra-till gave the best production,

No-till, after harvest for grain (i Agricultural Research and
Development Cender)

from that laver. Conservation tillage, especially no-till, can reduce nitrogen availability
by increasing nitrogen tic-up in surface layers, increasing leaching and volatization,
and reducing average soil temperatures. The injection of nitrogen deeper into the soil
and nitrification inhibitors will reduce these problems.

The pH of the top 2 inches of soil tends 1o drop rapidly, especially in no-till, affect-
ing seed permination, crop growth, and herbicide activity. Careful testing for pi is
rexquired for this layver, followed by a topdressing of lime if needed.

Matching Tillage to Soil Type

Soils tend 1o be cooler and wetter in conservation tillage, especially with the no-ill
method. On fine-textured soils in northern states, cooler soil may delay planting
and hamper seed germination. No-ill is a poor choice on cold, poorly drained fine-
textured soils; for these conditions, the ridge-till method is a better choice, Nor does
mo-till work well in highly compactable soils. On excessively drained coarse soils,
no-till can improve vields by preserving moisture, Local extension agents can provide
advice on the best svstem for cach grower.

Weed and Pest Control

With less tillage, there is greater reliance on herbicides for weed control. Tillage will
Eill any weed seedling, but herbicides are more selective, This makes weed identifica-
tion and herbicide selection more critical. Also, surface-applied chemicals are more
suitable for conservation tillage than those needing to be incorporated into the soil,
While some cultivation continues in several of the systems, there is siill some chal-
lenge for organic growers.

Conservation tillage, especially no-till, alters the environment presented 1o pest
organisms beciuse insects and disease organisms affecting a crop are not buried by
plowing. Pest challenges may be addressed by such techniques as selection of resistant
varieties, crop rotation, and pesticides.

CROPPING SYSTEMS

Growers employ a number of cropping systems; severial are described here, A grower's
choice depends on climare, economics and market demand, government programs,
and grower preference. Each system requires different soil-management technigues
and has different effecis on the soil.




Continuous Cropping

In continuous cropping, a farmer grows the same crop each year. Continuous crop-
ping is favered by many farmers because they can grow the most profitable crop. This
method also allows the prower to specialize in the crop best suited to local soil or cli-
mate conditions, In general, however, yvields inevitably decline with continuous crop-
ping. At the same time, expenses for fertilizer, herbicicdes, and pesticides end 1o rise
compared with expenses for a crop-ratation system. Depending on the crop, repeated
growing of the same crop can increase soil erosion as well.

Crop Rotation

Crop rotation means that a series of different crops 13 planted on the same piece of
ground in a repeating system. Many farmers do not rotate because it means planting
some less-profitable crops. Often a farmer has no use for cerfain crops in common
rodations. For instance, 2 farmer who feeds no animals has little use for hay unless a
buyver can be found for it

Flowever, crop ratation has important benefits for those who prictice it. Crop rotation:

Adcls the control of diseases and insects that rely on one plant host,
reducing a grower’s pesticide bill.

Helps control weeds, Many weed species grow best in certain crop types,
so alternating crops suppresses the weeds, Some rotations suppress
weeds by allelopathy, where one plant emits chemicals from the roots
that suppress growth of other plants, For instance, soybeans planted into
wheat residues suffer fewer weed problems because of allelopathic
effects of wheat.

supplics nitrogen il certain legumes such as alfalfa are in the rotation.
This can lower a farmer's fertilizer bill.

Improves soil organic matter and tilth. Deep-rooted crops such as alfalfa
also improve subsoil conditions.

Reduces erosion compared with continuows row crops, as long as the
rotation includes small grains or hay. This topic is covered in more detail
im Chapter 18.

Generally, crop rotations involve some combination of three Kinds of crops: row
crops, small grains, and forages. The specific crops and crop sequence vary from place
1o place.

Row Crops

Row crops, where adapted, are usually most profitable. Row crops are planted in wide
rows and cultivated for weed control, with the help of herbicides. Row crops usually
leave soil bare, making it erosion-prone, so are best suited to fidy level ground. In
general, continuous row cropping diminishes soil quality. Conservation tillage, crop
rotation, and other conservation practices greatly reduce erosion from row crops (see
Chapter 18). Common row crops include corn, sorghum, sovbeans, and cotton.
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Small Grains

Small grains, such as oms or wheat, are planted in closely spaced rows, so quickly
cover the soil surface. Land planted to small grains loses less soil to erosion. Small
grains also leave a large amount of residue that controls erosion in conservation-tillage
systems. The dense growth of small grains competes with weeds that infest row crops;
and several suppress weeds by allelopathy, As grasses, they improve soil structure
and tilth.

Perennial Forage

Forages are harvested for their green maner and fed o animals, They may be har-
vested as hay or used for grazing in pasture or range. Forages improve soil tilth, add
organic matter, and control erosion. Tap-rooted plants, such as alfalia, help break up
soil pans. Legume forages also fix nitrogen that can be used by later crops. Examples
include legumes such as alfalfa and a wide array of forage grasses,

Double Cropping

Double cropping is the practice of harvesting two crops from the same picce of
ground in one year. A common example is planting soybeans into winter wheat stul-
ble. Double cropping is easiest in warm chimates with long growing seasons, The
use of double cropping has grown with the use of no-till systems. The second crop
can be planted right behind harvest of the first crop, ocmitting time-consuming
seedbed preparations,

Multiple cropping keeps the soil covered with vegetation for a larger part of the
vear. Better erosion control results. Two crops ‘grow more green matter than one, o
the practice helps maintain organic matter in the soil, Where one crop is a legume, the
nitrogen addition is welcome.

Cover Cropping

Like double cropping, cover cropping involves two crops in one year on the same
plece of gn‘.rund. However, the cover Crop is grown as a conservation tool and is usu-
ally not harvested. Several cover-cropping methods exist. In one variation, a cover
crop is inter-seeded between rows of a taller row crop that is already growing. In a
second variation, a cover crop is grown until it covers the ground, then the main crop
is planted right into that first crop. The cover crop may be killed (Figure 16-10) or
treated in some way to reduce competition. Cover crops may consist of greasses such as
rye grass or legumes such as various veiwches, The cover crop is sometimes termed a
“living mulch.”

Cover crops may be grown and then simply plowed down to add organic matter to
the soil. In this application, the crop is a geeen manire,

Cover cropping is a potent BMP for a number of problems. The thick cover reduces
runcff. and erosion and loss of chemicals in that runoff. The cover crop “sops up”
nitrate, left over from the last crop, o lessen nitrate secpage into ground water. Cover
cropping increases soil organic matter content, lessens weed growth, and suppresses
some crop pests. In some areas, the standing mulch protects secdlings from Blowing
sand, and if a legume, adds nitrogen to the soil.



A 2000 study of tomato production exemplifies the value of -
found production of tomatoes in a hairy vetch cover erop :quihmd"et;;ﬂﬂppms__: They
fertilizers with desirable effects on soil quality, with nitrogen

DRYLAND FARMING

The term dryland farming is applied to farming in low-rainfall areas without ieriga-
tion. In the United States, dryland farming is practiced in states west af a line i
western Minnesota 1o eastern Texas, following the 96th meridian, We will discuss two
characteristic dryland farming systems: small grain-summer fallow rotation and range-
land grazing.

Summer Fallow

Many dry areas lack encugh water to produce good crops each year, As a result, crop
rotation of small grain-summer fallow is used. In the crop year of the rotation, small
grains are grown because they are relatively tolerant of low-moisture conditions. After
the grain is harvested, soil is left fallow for the next year. More complex systems
incluce a three-year rotation of winter wheat-fallow=sorghum, common on the south-
ern Great Plains.

Summer fallow is the praciice of leaving the soil crop- and weed-free to store mois-
ture. During the fallow period, weeds are controlled by cultivation or herbicides. By
controlling weeds, no moisture is lost from the soil because of transpiration. Some
water is lost by evaporation, but not all, After a rain, water seeps into the soil. As
soil dries, some moisture moves to the surface by capillary rise, where it evaporates.
However, after the surface dries, it seals the rest of the water in the soil. After the next
rain, more water is sealed in the soil. Generally about 25 percent of the rainfall on a
fallow field will be stored for the following crop.

The effectiveness of summer fallow can be improved by reducing water runoff. On
slopes, contour tillage helps reduce runoff. Using tillage tools that leave crop residues
on the surface also helps prevent runoff, Chemical fallow, which leaves grain stubble
standing and crop residues undisturbed, saves an additional 1.5-2 inches of moisture,

Three problems arise from the practice of summer fallow. First, during the fallow
year, wind erosion can be quite serious, This problem will be discussed in detail in
Chapter 18. Second, crop-fallow rotations lead to a long-term decline in soil organic
matter and stress on microbial populations and mycorchizae, leading to a decline in
soil quality. The third problem is the development of saline seeps.

Saline seeps appear in almost 2 million acres of the Great Plains of the United States
and Canada, Saline seeps appear where glacial till overlays an impermeable layer. Dur-
ing fallow, increased percolation picks up salts and carries them deeper into the soil.
When salty water reaches the tight layer, it spreads out sideways, flowing downslope
underground. Finally, the salty water seeps to the surface on a lower field. The water
evaporates, leaving salt on the scil surface,

PWhitchead, W, & Singh, B. 2005, Fresh market tomato gas exchange, bomass, and fruil yield are similar
with legume cover craps of synthetic nitrogen femilizer. NoriSeience, 40, 200213,
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Researchers have studied ways (o reduce fallow problems by devising annual crop-
ping systems, For instance, in the northern Great Plains abour a quarter of the annual
precipitation falls as snow—if all this were capured rather than allowed o blow off,
it could equal the moisture saved during a fallow year. Studies using tall wheatgrass
strips o capiure snow have shown improved profitability for annual wheat cropping
with reduced problems such as wind erosion.

Rangeland

Range is an uncultivated area used for livestock grazing, particolarly in the western
Unired Srates. Rangeland is particularly important because it occupies such a large
proportion of the land surface of the United States: up to half may be mngeland eco-
systems. OF federally owned lands in the western United States, 85 percent are grazed
by livestack. This land provides food and important wildlife habiat.

Grazing is the best agricultural use of range because it is too dry, o rocky, or oo
infertile for other agricultural uses, Most rangeland, if cultivared, would erode badly.
Generally, little is done with rangeland because water shortages make improvement
unprofitable,

Care is needed, however, to keep range healthy, profitable, and acceptable as wild-
life habitat. A 1994 report by the Mational Academy of Sciences’ noted that because
range receives few inputs such as irrigation or fertilizer, the health and productivity of
rangeland rely heavily on natural processes, That report goes on o say that “Rangeland
health should be defined as the degree o which the integrity of the soil and ecological
processes of rangeland are sustained.” It also defines soil stability and natural autrient
cycles as one of the prime criteria for rangeland health.

Grazing patterns strongly affect soil properties and cover on rangeland. A North
Dakota study compared long-term effects of no, moderate, and heavy grazing on native
mixed-grass range and a fertilized crested wheatgrass plot. The study found that soil
was most compacted in the heavily grazed site, and diversity of plant cover was best
maintained by moderate grazing. The authers coneluded that heavy grazing degraded
the soil and plant cover resource, while both moderate grazing of native grasses and
wheatgrass plots could sustain grazing long term.

SUSTAINABLE AGRICULTURE

Increasing concern for long-term farm productivity and the effect of agricultural prac-
tices on the environment led o the concept of sustainable agriculture. The Ameri-
can Society of Agronomy in 1989 declared that “a sustainable agriculture is one that,
over the long-term, enhances environmental quality and the resource base on which
agriculture depends; provides for basic human food and fiber needs; is cconomically
viable; and enhances the gquality of life for farmers and society as a whole”

*National Academy of Scivnces, (1994) Rangelasd bealtls: new micilods o classify, inasiiery, amd moilor
raugelands. Washington, DC: Natkonal Academy Pross.

“Wienhold, B., Hendrickson, Jo & Karn, J. {2001}, Pasiune management infhecnoes on sail propertics in the
northern Groat Plains. foarned of Soil and Water Conseroaiion, $G601), 27=31.




_ﬂll_agg.aﬂﬂ:_rqpp_irzg Systems

Those who research or practice sustainable agriculture have sey
is concern that agriculture’s resource base is being depleted: declining soil e
due to erosion and loss of crganic matter and nutrients; depletion of !_E"iHF'::-ductmuy
such as phosphate rock; and cost and availability of energy. A feared s T 3ources
agriculture is a degraded environment: pollution of water by agn‘iclullnura1mnrlql-:\1-l.-:=m,:'IE o
nutrients, and siltation of waterways. Stability of the farm economy and mml'ﬂlca_!s,
Further motivates sustainable agriculture. Munity

eral COnCErns, Thﬂm

Sustainable agriculture, then, is a philosophy and collection of practices thar seeks
te protect resources while ensuring adequate productivity. It strives to minimize off.
farm inputs such as fertilizers and pesticides and o maximize on-farm resources auch
as nitrogen fixation by legumes. Top yields are less a goal than profitable yields based
on reduced input costs.

Soil and water management arc central components of sustainable agriculture,
Techniques include crop rotation, conservation tillage, cover cropping, nutrient man-
agement, and others. A mid-Atlantic study®® comparing plastic mulch and vegetative
mulch (produced by shredding a standing cover crop of hairy vetch) on a tomato crop
illustrates research on sustainable methods. Researchers found the verch mulch greatly
reduced runoff, erosion, and sediment and pesticide transport off the field compared
o polyethylene mulch, a standard practice for growing tomatoes. The runoff from
polyethylene mulched plots was found to be more toxic to aquatic organisms. Half the
nitrogen was used in the vetch plots, of interest in light of fertilizer nitrogen issues
discussed in Chapter 15. The study suggests that the killed vetch mulch was a more
sustainable practice than conventional plastic mulch for tomato production.

Organic Farming

Organic farming is a type of sustainable agriculture that prohibits the use of synthetic
substances, including inorganic fertilizers, synthetic pesticides, and biosolids. Organic
agriculture stresses managing soil organic matter and soil organisms as a primary goal.
By keeping organic matter high, most notably particulate organic matter, soil quality is
high and fewer outside inputs are required.

In 1995 the USDA's National Organic Standards Board provided a definition as:
“Organic agriculture is an ecological production management system that promotes
and enhances biodiversity, biological cycles, and soil biological activity. It is based on
minimal use of off-farm inputs and on management practices that restore, maintain
and enhance ecological harmony.” Buyers of organic products, a rapidly growing mar-
ket, believe them to be safer, more nutritious or flavorful, or simply support the pro-
cess of organic growing. Sixty-two million acres of land worldwide are estimated to be
under organic production.

Organic growers add nitrogen by the use of manures, composts, legumes, and organic
nitrogen fertilizers. Phosphorus and potassium come from manures and mineral _I'ﬁ‘-
tilizers such as rock phosphate. Organic farms tend to rely more on natural nutrient
cyeles than do conventional farms. Crop rotations figure centrally in many organic

“Rice, P., ¢t al. (2001), Runoff loss of pesticides and soil: A comparison between, vegetative mulch and plastic
muleh in vegeiable productlon systems, fornal of Environmental Quality, 300 1B0E-1821.

*Rice, P, et al. (2002). Comparisan of copper levels in runcdf from freshmarket vegetable proiduction using
polyethylene mulch or a vegetative maleh. Snedrenmental Tavioology and Chenisiry, 2401), 2430,
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operations. Weed control tends e rely on crop rotation, cultivation, and sometimes
flaming or mulches, but remains a challenge for organic growing

The reliance of organic agriculiure on tillage for weed control poses a conundrun.
Leaving soil bare is not a good thing for soil quality or preventing erosion, How-
ever, mulch-till and ridge-till can allow a certain amount of high-residue cultivation,
and are practiced by some organic growers, Other growers employ cover crops (o
suppress weeds, Efforts are being made to adapt conservation tillage practices to
organic growing.

According 1o a 1980 USDA study, successful organic farms come in all sizes and crops.
This and other studies point to soil benefits including reduced erosion, increased soil
organic matter comtent, higher populations of earthworms, richer soil Flora, and others,
In a 2000 review of studies comparing conventional, sustainable, and organic systems
in horticultural crops, their comparative production and profit were highly variable;
results depended greatly on the specific sites and practices.” Studies comparing
product quality of organic versus non-organic growing, such as nurient content,
anti-oxidant content, or taste, have been wildly variable, Profitability for organic pro-
duction tends (o rely on the higher prices offered for organic produce,” Organic farm-
ing may also effectively sequester carbon (see sidebar).

Comparing No-Till and Organic Production

A nine-year study by the USDA Agriculture Research Service comparing a mini-
mum-tillage organic system to several standard no-till systems, with or without
cover crops, found that the organic system had higher soil carbon and nitrogen
than the no-till systems, in spite of tillage. The arganic system suffered yield losses
due to weed control challenges. Then three years of standard no-till com followed
on all plots, and production was highest in the formerly arganic plots, due toa
carry-over of improved soil quality and higher soil nitrogen. One can conclude that
in this study, organic practices were better than standard no-till at sequestering
carbon and improving soil quality, but that weed problems limited production. Or
one might simply conclude, to no great surprise, that importing tons of biomass as
manure (the organic treatment) raises soil carbon and nitrogen over a treatment
(the no till) that received none. This study illustrates the difficulty of crafting and
interpreting studies of the organic method.

Source: Teasdale, 1, Coffman, C., & Mangum, R, (2007), Fotential long-term banefits of no-tillage

and arganic cropping systems for grain preduction and soll improvemeant. Agromemy fournal,
9%, 1297-1305.

Stare-sponsored programs o certify organic production have grown in recent years,
and in 1990 the Organic Foods Production Act directed the USDA to set up a federal
program. The final rules for that program were published in 2000, The rules set cer-
tain production standards, prohibit the use of many substinces on organic land includ-
ing sewage sludge, and provide a list of allowed and disallowed synthetic materials,
also sets labeling requirements. These and stare standards define what can be sold as
arganic and help the consumer purchase organically grown foods,

"Brumficld, B, (20000 An examination of the economics of sustainable and conventional horticuliure, Hor-
Technology, 20, GET=001,



Tillage and Cropping Systems

SUMMARY |

Tillage has three goals: weed control, alteration of phys-
ical soil conditions, and management of crop residues.
Tillage also has a number of side effects, however, espe-
cially an increase in erosion, compaction, and reduced
soil permeability,

Conventional tillage buries crop residues o produce
a smooth, residue-free seedbed. Conservation tillage
leaves residues on the soil surface (o prevent erosion
and preserve soil water. Conservation tillage, particu-
larly no-till, also offers greater potential for storing car-
Bon in the soil as a strategy to reduce greenhouse gases
in the atmosphere.

Three cropping systems are used by growers: con-
tinuous cropping, crop rotation, and multiple cropping.
Continuous cropping (or a simple corn-soybean rota-
tion} allows a farmer to grow the most profitable crops
vearly, Crop rotation, on the other hand, is better for
the soil and helps contrel erosion.

REVIEW

In low-rainfall areas, small grains are grown in rota-
tion with summer fallow. During fallow, weeds are con-
trolled by cultivation or weed killers to store moisture
for the following crop. Problems with summer fallow

include erosion and saline seeps.

Animal grazing is the most practical agricultural use
of dry, steep, or rocky land in the West. Controlled
grazing, secding of improved grasses, and sometimes
fertilization and water management Keep ange in
good condition.

Organic farming replaces chemical fertilizers and
pesticides with crop rotation, manuring, cultivation,
mineral fertilizers, and other practices. Organic farmers
focus on having a “healthy” soil, and may sequester car-
bon in their soils. Sustainable agriculture aims to reduce
some of the problems of standard agriculture by using
technigues that lower off-farm inputs, increase use of
resources found on the farm, and the use of BMPs,

. What is conservation tillage and what are the
criteria for determining whether a practice
qualifies as conservation tillage?

2. Compare conservation-tillage methods most suit-
able for areas with soils that tend to be cold and
damp in the spring to those that would be warmer
and drier.

3. What influence do you think widespread adoption
of conservation tillage could have on global
climate change?

4. Describe the purposes of tillage.

5. After the last cultivation, we plant a fast-growing
legume hetween the rows of a corn crop. What
do we call this practice? What might be benefits
and drvwbacks?

6.  Why does summer fallow store some water in the
sail for next year's crop? Review the discussion of
capillary water movement in Chapter 7 if necessary,
How efficient is this pracrice?

7. Discuss the degree to which rangeland
grazing, conventional row-crop agriculture,

and organic farming utilize natural
nutrient cycles.

8. Would you guess that organic farms consume
directly and indirectly less or more energy than
conventional ones? Think about fertilizer sources as
well as other factors,

9, Using charts in this chapter, estimate the
amount of residue left on the soil surface in
these three practices:

a. 150 bushel per acre corn after moldboard
plow and discing to 6 inches.

b. 150 bushel per acre corn after a single
chisel plow with spear point,

¢, 50 bushel per acre soybeans treated as in a
and b above.

Which crop leaves the most residue? Which
system is likely o have the least erosion?

10, 1f there came w be widespread removal of crop
residues from farm Ffelds as biomass for energy
production or other uses, what might be conse-
quences for sail quality and erosion?

T
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A number of systems and practices besides 12, Nitrate leaching was described in Chapter 15 as a
conservation tillage were mentioned that increase human health problem. This chapter mentioned
soil organic matter content and thus improve soil practices that could decrease or increase nitrate

quality and store soil carbon, List them, leaching. List them here.

ENRICHMENT ACTIVITIES E

If vou are not already familiar with the tillage tools described in this chapter, visit an equipment dealer to look
at them. IF vou live in an area with different practices than those described here, find materials to stucdy them.
Survey and visit local farms o find out what tillage and cropping systems they use.

Study organic production certification rules for your state or the rules for the federal program (Federal Register,
7 CFR Part 205: National Organic Program; Final Rule. December 21, 2000). Typing “organic certification and
{name of state)” into yvour browser should find information.

An organization that promoies sustainable and organic agriculiure is the National Sustainable Agriculture Infor-
mation Service, or ATTRA. Their Web site contains a wealth of information at <htip/www.attrancat.org= For
instance, there is an excellent overview of cover crops and green manures at the site.

Canada has a Greenhouse Gas Mitigation Project for agriculture. View its Web site ar shtp:/www.soilec.ca/

gompiindex. html>,



After completing this chapter, you should be able to:

- state how to select soils for horticultural crops

- describe fertilization practices for horticultural crops
- describe how growers manage their solls

- solve the special problems of container soils

« describe how soil influences landscaping

Merriam-Webster's Collegiare Dictionary (10th ecition, 1993) defines hor-
ticulture as the “sclence and art of growing fruits, vegetables, flowers, or
ornamental plants.” While more acreage is devoted o agronomic crops,
far more people use soil for horticelture; in fact, almost every citizen
docs some horticulture, even if anly a potted geranium on a balcony. In
aggregate, the value of horticultural erops is a major component of the
agriculiure cconomy.

The information presented so far in this text about using soils applics o
horticultural crops as well as other crops. Let us see how soil is used by
growers of different crops, starting with vegetable growers.

VEGETABLE CULTURE

Vegerables are the most important horticeltucal crop in terms of total valoe.
They make an important contribution 1o the human diet, supplying starch,
filer, and minerals and vitnming missing in grains and meats. There is also
increasing interest in vegerables as a source of antioxidants shown o be
important for human health,

CHAPTER 17
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Viegetables are grown throughout the United States, but growing areas ane
concentrated in regions best suited 1o the economic production of vegetables, such
as California.

Soil Selection

Vegetable growers often select a specific soil type that suits the needs of the crop ©
be grown and the market. Many growers in northern areas choose coarse soils because
they warm up rapidly in the spring, allowing carly planting and early harvest when
prices are best. In general, vegetable growers favor coarser soils than do other firmers.
Following are the soil types and their uses:

* Coarse-textured soils are best for early crop growth, especially for
cool-season crops such as lettuce or carrots, Several crops, such as
melons, grow best on sandy loams. For best yields, these soils are
usually irrigated.

= Medivm-textured soils are good for all crops. Where yvields are more
important than early harvest, medium soils are better than coarse ones.

* Fine-textured soils are less desirable for vegetables. They tend o stay wet
too long, hampering field operations, and crusting can inhibit germina-
tion of fine seeds, Heavy soils are very poor for root crops,

= Organic soils, especially mucks, are Favorites lor cool season and roo
crops such as carrots, onions, and celery.

Soils selected for growing vegetables should be loose, friable, and high in humus.
For most crops, a slightly acid soil is best (except for potatoes, which suffer less
disease between pH 4.8 and 5.4). Many vegetables are also sensitive 1o high soil salis.

The most essential factor for success is good drainage, Poorly drained soil warms up
slowly and cannot be planted early, Vegetable crops keep their quality for a very short
time after they are ready for harvesi. Thus, they must be picked regardless of soil con-
ditions. In this case, growers cannot afford a muddy soil. Vegetable growing also calls
for relatively flat land because the soil can be unprotected from erosion, for reasons
described below.

Soil Management

Growers of agronomic crops such as corn seek to maximize productivity by covering
the soil with as many light-energy gathering plants as possible, A dense plant cover
{at least later in the season) protects soil from erosion and produces crop residues (o
maintain soil organic matter and reduce erosion by conservation tillage, Growers of
vegetable crops seck product guality by spacing plants further apart, Soil is less pro-
tected by plant canopy, fewer residues remain after harvest, and there is less filling
of the soil volume with dense root systems that can absorh excess nitrates, Thus veg-
etable growing presents challenges for protecting the soil, maintaining organic matter
content, and controlling nitrate leaching.

Vegetable growers could alleviate these problems by using conservation tillage, How-
ever, many vegetable seed and transplant plamters do not handle high residue levels
well. Furthermore, vepetable growers often strive for carly harvest when prices are
maost favorable. Cooler, moister soils of conservation tillage delay planting and slow



- Horticultural Uses of 5ol

crop development, While vegetable growers have been slow 1o adopt conservation il
age, its use has been increasing with such practices as chisel plowing, Cover crap ]1n :
also offers potential, and its use has grown widely, Cover crops are an imp..;:;mnlt I:;,:f:

Management Practice (BMP) for reducing nitrate leaching and enhancing soil quality

Most commonly, vegetable growers moldboard plow and harrow their fields 1o plant,
Commonly, growers plant on raised beds. Such beds improve drainage, and because
the soil is warmer, promete rapid early growth. The loosened, deeper rocling wone
that beds provide s also ideal for a well-formed root erap.

Another common practice is growing warm-season vegetables such as tomato or
camtaloupe on black plastic mulch (Figure 4-16). This warms the soil, which specds
growth and increases production on warmth-loving crops. This may be accompanied
by the use of soil sterilization chemicals (see Chapter 5) to control nematodes, root
rots, amd weeds,

Fertilization

Vegelable growers experience a wide range of nutrient problems unfamiliar (o most
farmers. Plant nutrition presents problems because of the unusual needs of many veg-
ctables and the sandy and muck soils they are often grown in. Calcium deficiencies
are common, because the immebile element fails 1o reach the edible part in sufficient
amaunts, Tip burn on cauliflower (Figure 17-1), blossom end-rot on tomatoes, cracked
stems in celery, and others result. Thus fertilization with secondary and trace elements
is common in vegetable production.

In general, growers feed vegetable crops by the same methods as those deseribed
in Chapter 14. One difference is the use of starter solutions on vegetable transplants.
Crops such as tomatoes and peppers are rransplanted into the field rather than seeded.
Transplanting equipment has a tank to hold a weak fertilizer solution that soaks the
planting hole of each plant as it is transplanted, Starter solutions are high in phos-

Tip burn on cauliflower result-

ing from a calcium deficiency.
Vegetatiles are prone to a vasiety of
nutritional problems less comman
On Agranoméc crops, and product
quality is an everriding concern,
{Courtesy of Carl Rosen, Universily
of Minesona)
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Cover cropping in a California
archard. In the row, vegetation

is controlled 1o reduce compeni-
tian with the trees, but covering
the row middles with sod or
cower crops reduces grosion and
preserves soll guality. (Courtesy of
USDA, Natural Resources
Conservation Servicel
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phate in order to overcome phosphate immaobility and stimulate rapid rooting. Starter
fertilizers typically have ratios of 1-2-1.

FRUIT CULTURE

Fruits are important in the human diet becanse they are rich in vitamins, particularly ones
missing from many other foods, and because they are a rich source of antioxidants.

Unlike most crops, fruits are usually long-lived woody plants that remain in place for
many years; this influences their soil management.

& L]
Soil Selection
Fruit trees require a deep, well-drained soil to thrive at all. Shallow soils cannot sup-
pert a tree crop during dry periods, unless irrigation is provided, Soils with a high
water table also restrict the deep rooting of fruit trees. In poorly drained soils, fruit trees
may experience a serious health decline as soil-borne fungi attack weakened roots.

Fruit plants tolerate a wide pH range. The recommended pH range is 6.0-6.5,

‘because it suits both the fruit plant and any cover crops that may be grown with the

fruit. Blueberries, however, need a pH of 4.3-4.8,

Some fruits are clean-cultivated to remove competition from weeds and sod.
These crops must be grown on fairly level ground that is unlikely to erode, unless a
slope is terraced, Others, such as apples, may be grown on sod, and can be grown on
steeper land.

Fruits also tolerate a wide range of soil textures, Apples and pears do best on mod-
erately fine-textured soils, whereas stone fruits, such as plums and peaches, prefer a
coarser texture, Grapes grow on any soil, but the sweetest grapes are grown on sandy
ar gravelly soil. Berry plants do best on moderately coarse soil,

Soil Management

All fruit crops are perennials and occupy the same ground Tor many years, Therefore,
the soil must be properly prepared before planting—there is no way to try again with-
out a major financial loss. The site should be carefully selected, Any major soil changes
such as terracing, drainage, or leveling should be completed. On the basis of soil-test
results, potash, phosphate, and lime are broadeast and plowed into the soil.

A common soil-management tool is the use of permanent sod or cover crops in
row middles (Figure 17-2). Frequent clean cultivation of some crops means a loss of
organic matter and tifth, diminished soil quality, and erosion. Leaving soil bare under
the plants by cultivation or herbicides reduces competition from sod and weeds, while
sodded middies protect soil from crosion and preserves soil gquality of most of the
land. Growers also often mulch under or between rows of many crops such as straw-
berries, blueberries, and dwarf apples.

In some crops, long-term presence of the same plants can cause a buildup of soil
pests such as nematodes or other problems. This can cause a decline of the crop or
problems replanting when the orchard is renovated. Various solutions may be avail-
able, such as pest-resistant roostocks.
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Fertilization

Mitrogen is the most important nutrient for the established fruit crop,. Howewver, excess
nitrogen compared o potassium and others can cause poor fruiting, poor fruit quality,
and late ripening. In addition, many fruits are sensitive to low levels of trace elements.
Soil testing avoids these difficulties. Because of the deep rooting of many fruit crops,
soils must be tested deeper than in commeon farm crops. In addition, tissue testing is a
particularly valuable practice in fruit growing.

Established fruit plantings are typically fertilized by topdressing in the fall or early
spring, depending on the crop and the region, Trace elements may be mixed into the
base fertilizer, or in many cases are applied by foliar feeding with chelated elements.
In some cases, liming or acidifying the soil solves micronutrient problems.

NURSERY FIELD CULTURE

Soil management is a constant challenge for the nursery grower. The very process of
growing nursery stock is very hard on the soil. Soil is usually clean-cultivated, and the
aonly crop residues are a few leaves. Topsoil itself is dug up and hauled away when
trees and evergreens are balled and burlapped. For example, using figures for root ball
sizes from the American Standards for Nursery Stock and average soil bulk densities,
it can be determined that digging up an acre of five-year-old evergreens removes 165
tons of soil.

Site Selection

Soil is one of several factors to consider in selecting a nursery site. The land should be
level, so that erosion can be controlled. Sloping land may be used if it is terraced and
rows are planted across the slope, It should be well deained, because wet soils seri-
ously hamper nursery operations; indeed, wet soil can mean a major loss during the
short digging season. A pH between 5.5 and 6.5 is preferred for most nursery crops.

Soil texture is an important concern for nursery crops. Plants to be harvested bare-
root (soil shaken off the roots) should be grown on sandy or sandy loam soil. Coarse
soils most easily shake off plant roots withour damaging them. In nurseries where
stock is balled and burlapped by hand (so0il ball stays on roots), finer-textured soils are
better. Soils high in sand do not stick together, so it is hard 1o dig up an intact soil ball
in sandy soils. Silt loam or clay loam soils are best for balling and burlapping. Using
machines to dig soil balls allows a wider range of soil textures.

Soil Management

Murseries, perhaps more than any other operation, need o make a serious effort 10
maintain organic matter levels. It is typical to rotate nursery crops with green manure,
Hybrid sorghum-sudan grass, alfalfa, or other vegetation is used to build the soil. Many
growers apply animal manures, composts, and/or sewage sludge. A few growers plant
cover crops between nursery rows or mulch in the rows with chopped hay or wood
chips. Some growers are beginning to sod row micddles (Figure 17-3). Cover crops
can also be used as a “living mulch,” such as by planting winter rye in early fall, then
killing it with herbicides the following spring as trees begin 1o grow,



Hursery soils are usually bare and
expated ta rainfall. Lintle organic
matier returns 1o the 104l from
the crop. Here, in this Minnesota
nursery, sodded row middles
help preserve soll guality and
reduce Erosion.
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Deciduous plants 5 225
Sample guidelines for fertilizing Marrowleaf evergreens 4 175
nursery stock. One should follow
oo cdalirress Broadleaf avergreens 3 125

Fertilization

Before planting nursery stock, a soil sample should be taken from the top 2 feet of soil,
On the basis of soil-test results, the correct amount of potash, phosphate, and lime
(or sulfur if the soil is too high for acid-loving crops) is mixed into the soil. Each year
thereafter, high-nitrogen fertilizers with ratios of 4-1-2 or 3-1-1 may be topdressed in
fall or spring. Figure 17-4 suggest how much nitrogen should be applied.

CONTAINER GROWING

One of the most demanding ways to grow a plant is to grow it in a pol. A conrainerized
plant requires constant attention to watering, fertilizing, and other practices. Despite
this, more and more plants are being grown in containers. Not only are greenhouse
growers growing flowers in pots (Figure 17-5), more and more nurseries grow shrubs,
evergreens, and trees in containers. Landscaping the interiors of buildings means potted
plants, and increasingly cities adorn their strects with large hanging baskets and con-
tainer gardens, Apartment dwellers and even homeowners now garden in containers,
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Aschool gresnhouss in
Minneiots, Growing plants in
containers, ke the hanging
badkets and pots here, chal-
lgnges the grower.

The container grower has complete control over soil conditions, making it easier 1o
grow a large, uniform crop of quality plants. Growing plants in containers differs from
growing plants in the ground in one Key way: the plant’s root system is confined 1o a
small soil velume that must supply all the plant’s water and nutrient needs. This means

the container grower waters and fertilizes far more than those who till the ground.

This section examines four major opics: the special nature of potting mixes, the
related practices of fertilization and irrigation, soil wemperature in ported plants, and
water pollution issues. While many potting mixes, called media, cor no soil at all,
they still answer o the same chemical and physical properties of regular soil, even if

special challenges are presented.

Potting Mixes

A pot of soil is by nature poorly drained because of the shallow soil profile and its lack
of capillary connection to lower layers of soil. ‘That is, compared to soil in the feld,
there is a very short column of water to “push” water further down by gravity, and
no connection (o deeper soil to “pull” water down by capillarity. In spite of drainage
holes, a layer of soil in the bowom of the pot remains saturated after drainage ceases,
which keeps soil in the rest of the pot wet and oxypeen availability low, This h]':.'L'r isa
perched water table (Figure 17-6). Becavse the effect relates 1o water column depth,
the shallower the pot, the more severe the problem. A G-inch pot may have an aic-filled
porosity of 200 percent, while a 2-inch pot mgzhit have only 2 percent after watering.

The key to making well-terated poiting mixes s (o use large particles o create
large pore space. Large pores will be less able o hold water against gravity, improving



A perched water table in a pot
causes drainage problems,
especially in shallow pots. Highly
porows amended patting mixes
ane needed.
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drainage. This may involve amending regular soil with large amounts of amendment
or omitting soil to create a soilless potting mix, These amendments include inorganic
materials such as coarse sand, perlite (Jarge granules of light-weight expanded volea-
nic glass), wvermiculite (expanded mica), shredded plastics, or other materials,

Organic amendments also occur in most potting mixes, most commonly shred-
ded sphagnum peat. Increasingly, growers use organic waste products, such as com-
posted rice hulls, fine coconut fiber (coir), composted bark chips, or composted
municipal waste. Many of these materials confer desirable physical propertics on
the mix while reducing harvest pressure on peat bogs and consuming what is other
wise wasle,

In general, a suitable potting mix has a total porosity of 50 percent 1o 80 percent,
much higher than field soils, air-filled porosity of 10 percent to 30 percent, an available
water-holding capacity of 25 percent to 35 percent, and a bulk density of only 0.19-0.7
grams per cubic centimeter. These mixes are far less heavy than field soil.

If a soil mix contains true soil, soil-inhabiting organisms can threaten the life of a
container plant. These include several types of seed- and root-rotting fungi. For that
reason, greenhouse growers sterilize or pasteurize soil-based mixes using heat, steam,
or chemicals. To pasteurize soil means to heat it enough to kill pathogens but not
destroy all organisms. Growers also use strict sanitation and fungicicdes to prevent
infections by soil organisms. The industry now also makes use of beneficial organisms
that suppress disease organisms, and there are potting mixes commercially available
that contain such beneficial fungi and bacteria.

Watering and Fertilizing

The above discussion of potting mixes concentrated on physical properties. While
chemical propertivs of a potting mix have a starting point depending on components
of the mix, they change rapidly in response 1o watering and fertilization, Again, this
change is far more rapid and marked than in field soils. Potting mixes lack colloids
such as clay, so are poorly buffered against chemical change. Furthermore, large guan-
tities of water and fertilizer are poured through small soil volumes, exaggerating their
chemical effects,
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Two chemical traits of water can be of concern. Water contains soluble salts, which
build up 1o high levels in the mix, Growers must be aware of the salt content of their
water, and in extreme cases, treat water to remove salts, Growers commenly water
with a bit of excess water 1o leach out salt buildug.

Water may also contain high levels of dissolved lime, in particular, bicarbonates
{HCO. While most folks call this sort of water “hard water,” growers say it has high
alkalinity, In this usage of the word, we speak not of high pH, but of high bicarbonate
content. Bicarboenate, as a base, reacts with hydrogen ions, removing them from the
soil (reverse reaction b, Chapter 11), and rapidly raising soil pH, Growers using alka-
line water customarily inject acid into the water supply to neutralize the bicarbonate
ion. Other growers may have water of such low alkalinity ("soft water”) that it leaches
lime out of the mix and drops the pH. Such growers counteract with suspensions of
lime or dissolved potassium bicarbonate.

Fertilizers themselves are salts, so fertilization also raises soil salinity. High rates of
fertilization with inadequate leaching easily damages plant roots. Fertilization mistakes
appear rapicdly: a malfunctioning fertilizer injector can quickly cause nutrient starva-
tion because of under-fertilization or damage because of high soluble salts. In adcition,
rising ammonium levels become toxic to plant roots when cool, low-light conditions
reduce conversion of ammonium to nitrate by nitrification.

Nitrogen fertilizers also change pH. Ammonium fertilizers depress soil pH, while
nitrate fertilizers slowly raise soil pH. These effects may counteract or augment pH
effects of the grower's water. Thus, soil pH results from complex interactions of the
potting mix itself, the fertilizer used, and the water supply.

Crops grown in containers are fussy about pH. For most crops, a pH of around 6.0-6.2
works well, though some prefer lower pH, and others higher. Low pH creates micronu-
trient toxicities, most often iron, while high pH creates micronutrient deficiencies,

Meedless to say, all this means that container growers must constantly monitor their
soil chemistry and adjust. Many growers perform weekly in-house testing of pH and elec-
trical conductivity (Figure 13-11) with pH and conductivity meters, Electrical conductiv-
ity measures the soil salinity to reveal salinity problems and to infer fertilizer levels.
In-house testing is augmented with frequent complete lab tests of all nutrients, nitrates,
ammaonium, and pH. Some growers also test plant tissue for additional information.

Fertilizers formulated for container use differ from field fertilizers. Generally they
contain a more complete list of macro- and micronutrients. Container mixes favor nitro-
gen in the nitrate form, unlike field fertilizers which tend to contain more ammonium
nitregen. Container fertilizers must also be highly water soluble, which excludes some
common materials such as superphosphate. Container Fertilization relies on fertiga-
tion during regular watering. There has been an increasing trend toward incorporating
slow-release fertilizers, especially in container nurseries, to control losses of nutrients
into the environment.

Soil Temperature
Plants growing above the ground in containers, especially when exposed to hot sun-
light, suffer large swings in soil temperature that can damage roots,

Maore severe is the difficulty of overwintering containerized plants in cold climates.
Plant roots are less hardy than plant tops, and a potted root system exposed to subzero
temperatures will be damaged. Northern nurseries must protect container plants over
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winter by covering them with straw or some protective structare, Similarly, landscape
plants in containers, such as urns by the doorstep or trees in planters on city streets,
experience the same freezing, Northern gardeners and landscapers should use only the
root-hardiest plants for this purpose or plant only annuals that do nor need to survive
the winter.

Water Pollution

The public is concerned about water pollution; this issue strongly affects container
nurseries and greenhouses. For example, many container nurseries have pots sitting
on the ground fertilized through overhead sprinklers. Most of this water—as much as
70 percent—lands between, rather than in, the pots. Because a container field is
watered and fertilized daily, the potential for water pollution is great.

One answer, where feasible, is to wse drip irrigation (Figure 17-7). Little water or
nutrients are wasted this way. Second, preater use of slow-release fertilizers added o
the pots reduces, or even replaces the amounts added o imigation water. Third, pots
should be set on a sealed surface that stops leaching into the soil and the land surface
graded so that water runs off into sealed holding ponds, from where it can be pumped
for reuse,

LANDSCAPING

Langdscaping, like the grounds in Tucson shown in Figure 17=8, makes our surround-
ings more beautiful and more livable, Landscapers must know about soil so that land-
scape plants will remain healthy, attractive, and easy o care for
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Most transplanted shrubs and trees survive—yet many fail o thrive, and too many
actually die. Some have estimaed that the average life of a new urban tree is less than
10 vears (Figure 17-9). These failures cost money, in replacements and damaged cus-
toaner relations. Often building contractors are responsible, sometimes homeowners
fanl 1o prrn"idn;' proper care, and otheér times 1ﬂ11f|-‘54-'51f51-' Pff}r‘r.‘f"r!i-i.'!:lﬂ“i is at Faul.

When plants fail to thrive, more often than not, roots hold the answer. More than
most, landscapers must understand how soils, roots, and water interact. Landscape
soils are complex compared to field soils, because they are radically alered by con-
struction aned landscaping. Soils of different textures are placed together, and as
Chapter 7 points out, that affects water movement.,

A sustainabie landscape is one thar thrives for long periods of time without exces-
sivie water or fertilizer inputs, that is gentle to its surroundings, and requires minimal
maintenance, Mow let us see how our knowledge of soil can help us understand proper
landscape practices.

Site and Plant Selection

Mismatches between plants and site lead to unhealthy plants and endless maintenance.
Landscape designers should know which plants grow well in their area and select
plants that match soil drainage, pH, salinity, and degree of compaction on the land-
scape site, Appendix 5 lists soil preferences for selected trees.

A thorough designer will take the trouble to examine the soil on a sie. A soil sur-
vey can provide preliminary data. Salinity and pH can be checked with a soil test
or portable testing device. Compaction can be checked with a penctrometer or by see-
ing how hard it is to shove a screwdriver into the ground, mking soil type and mois-
ture into account. Sail color provides guidance on drainage, or a very simple, crude

= T
Figure 17=8

A landicape near Tucion,
Arizona. This attractive land -
scape lllustrates several of the
techniques of xeriscaping.
(AAA Landscape)
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Die-back on a downtown Lhee in
5t. Paul, Minnesota. Sodl prab-
lems contribute to problems in
the landscape.

percolation test can be done. A foot-deep hole is filled with water, and after it drains empty,
filled again. Drainage can be inferred from the amount of water that drains in an hour.
Expericnce makes these simple tests most valid,

Avoiding Compaction

Most landscape sites are slightly to severely compacted during construction. Compac-
tion causes shallow root systems. Often, roots from deep in the planting hole actually
grew upward along the sides of the hole toward the surface, rather than outward into
the surrounding soil. Failure (o explore the native soil results in drought damage,
nutrient shomages, and poor anchorage.

Tillage helps tear up the compaction, but often liitle can really be done about it
However, landscapers can avoid adding to compaction while working, Landscapers
who drive on a site with trucks full of rock mulch only compound the problem, Land-
scapers should especially take care with wet, fine-texiured soils.

While no method exists 1o completely relieve compaction in establisheed landseapes,
technigues are available that can be helpful. In vertical mulching, many holes are
drilled in the ground and filled with organic matter or coarse material like sand. This
allows some movement of air and moisture into the oot zone of trees. Devices have
also been developed o inject air or water into the soil under very high pressure, frac-
turing compacted soil. The fractures are then filled with a coarse material, The long-
term effectiveness of these treatments has not vet been fully determined.

e
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Deep Planting

Recent work at the University of Minnesota has uncovered long-term problems
associated with deeply planted trecs. Trees planted too deep often fail because roots
are deprived of oxygen, but those that survive face a longer-term problem called
stem-girdling roots. When planted too deep, even by a few inches, tree roots often
develop in ways that cause some (0 grow across the stem. As the tree ages, those moots
prevent proper development of the trunk and compress the tree's vascular system.
Eventually the tree begins to weaken and die. More dramatically, the tree may snap off
at the soil line in high winds, Stem-girdling roots can be avoided by planting trees ar
the proper depth, and ensuring that planting stock does not come out of the MAUrSery
already too deep in a soil ball or pot.

I'ransplanting

The key 1o successiul transplanting is rapid root growth. After all, for plants dug ot
of a field nursery, most of the root system is lost. Even containerized stock must grow
new rools quickly, because it cannot survive on just the soil mass it was planted with.
How do landscapers ensure that the roots of newly planted trees and shrubs will

PR Elllii'kl':{':r

Rescarch shows that plastic muleh, formerdy used in shrub becds to keep out weeds,
restricts root growth by kecping oxygen out of the soil. Organic mulches, such as
wood chips or pine straw (Figure 17-10), keep down weeds and conserve moisture
without robbing the soil of oxygen. Below the wood chips, one could place landscape
fabric rather than plastic sheeting. This woven material is porous, allowing movement
of air and moisture but restricting weed growth, The mulch should never be piled too
deeply; 3 or 4 inches is adequate without restricting acration.

There is disagreement over the need for fertilization of newly planted trees and
shrubs. Some experts claim little need; the author, however, has observed that plants
being held for sale often appear depleted by frequent watering without fertilization.
The author supports light fertilization with a complete slow-release fertilizer at the
time of planting if the soil tests low in nutrients.

There has been increasing interest in incculating plants with mycorrhizae before
planting them. This may improve transplant success and later plant growth. Prepara-
tions of inoculum are now available,

Amending Soil pH

All too often, the native pH of a soil is not proper for every plant one wants to use.
Obviously, this calls for designers and others to check for pH, an ¢asy enough task
with a soil test or even a piece of pH paper. Once the pH is known, a designer can
make informed plant selections,

Mevertheless, there are times when soil pH should be altered. Because many land-
scape plants prefer acid soil, acidification is common. One common suggestion for acid-
lowing plants is to dig an especially large planting hole and then put sphagnum peat
moss Chalf by volume) into the backfill. This helps temporarily, but as the peat decays,
the pH returns to normal. The author genecally recommends sulfur, a5 in Figure 11=19,

Landscapers should be aware of the many sources of lime that can raise pH in a
landscape site, including lime in a concrete foundation, limestone rock mulches, and
alkaline irrigation water. Annual vse of acid-forming fertilizers such as ammonium

Figure 17=10

Pine needles, or "pine straw” can
b usied to mulch trees, a3 com-
manly done in Georgia and some
other southern states. (Courtesy
of Shutterstock)
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Trew roots cover a very large area
and extend well beyond the drip-
limve of the tree. Maost Teeder roots
grow in the top foot of soil.
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sulfate or special acid preparations may maintain acidity, Sulfur-coatecd urea, a slow-
release fertilizer, will also enhance soil acidity.

Trees that do begin to suffer chlorosis can be rreated by sulfur spread over the soil
surface. While this changes pH of only the wop inch or so, there may be enough rools
there to provide adequate iron for the whole tree. However, this and other treatments
do not always work well, Foliar feeding with chelated trace elements can provide a
HEMPOrary green-up in some cases, One may also use devices that inject trace elements
into the trunk or root flare, but drilling holes in the trunk may be risky o ree health.

Fertilizing Trees

Experts disagree on the value of fertilizing landscape trees and shrubs, because there
is 50 much variation between different trees and sites that experimental evidence is
mixed. It is generally agreed that young, growing trees bencfit from fertilization, Some
feel that older established trees benefit litlle except to relieve an actual deficiency; that,
in fact, fertilizing mature trees might create its own stresses, Stressed trees should only
be fertilized lightly because fertilizers may add to stress by increasing soil salinity or
by supplying nitrogen the tree cannot handle, Nevertheless, fertilizing trees remains a
common practice.

Timing strongly affects landscape plant response 1o fertilization. Tracditionally, fall
fertilization has been held to be ideal, because nutrients would be absorbed by roots
and available in the plant for growth the following spring. Some research indicates
trees absorb nutrients more efficiently when in leaf, favoring fertilization early in the
ErOwWIing seascmn.

Nitrogen is the most important clement for trees. To understand how o fertilize
trees, one must first know where tree roots are (Fipure 17-11) Trees may root deeply,
but 80 percent of a tree’s feeder roots are in the top foot of soil. These feeder roots
reach far from the runk of the ree,

Trees may be fertilized by broadcasting a high-nitrogen fertilizer (e.g., a ratio of
2-1-1) over the root system (though recent research suggests fertilization to the drip
line should be adequate) at a rate of about 3 pounds nitrogen per 1,000 square feet. If

Dripling

Spraad of
oot system




Haorticultural Uses of Sail

the shade trees grow in the lawn, split the fertilizer into a fall and spring application.
While this works fine for nitrogen, another method called perforation inserts phos-
phorus and potassium into the root zone. The fertilizer is split among many 8-12 inch
deep holes drilled into the rooting zone of the tree on 24 inch centers, as shown in
Figure 17=12. Liquid fertilizer can also be injected into the soil with special devices in a
similar pattern, Details on these practices are available from numerous sources.

Turf

Except in arid regions, turf is the most common element of a landscape, Turf not only
looks nice, but also protects the ground from erosion and provides a playing sur-
face. Turf may be planted by seed, sod, or in some cases, sprigs and plugs. Whatever
method, good soil preparation is important (0 SUCcess.

Many turf specialists no longer recommend covering the existing soil with "black
dirt” before planting turf, because the interface is a problem. IF any is added, it should
e tilled into the existing soil to avoid the sharp interface. It is beneficial to till a 2-inch
deep layer of compost into the soil,

Chemical amendments should be tilled into the soil before planting, based on good
soil tests, Phosphorus should be added now because of its immobility and importance
for good root growth and el spread. Potassium, which promotes good wear tolerance
and resistance o disease, drought, and cold, also would be best incorporated now.
Lime or sulfur may alse be incorporated to adjust pH o 6-7.

Fill hola
with sand

g-12"

Fartilizer

Mo laader
Roots naar runk

_h.

Spread of trao

Figure 17-12

Fertilizing treas by perforation.
The recommended ameunt of
fertitizer is divided between a
rnumber of holes drilled ina grid
pattern. Perforation is useful for
getting phosphate Into the root
zone, Recent waork has suggested
that fertilizing to the drip line
may be satisfactory,



Maore golf course aeration, This
type removes soll cores, and is
preferred for many applications.
The cores may be raked into the
sod at a topdressing.
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Aerating turf on & golf cowrse.
This type punches hales in the
sad, and here, sand is raked into
the holes to modify the root
zone, Asration relieves compac
tion from countless foatsteps
and improves aeration and water
infiltration. (Courtesy of Deep
Tine, LLC)

After soil is tilled 1o incorporate amendments and to loosen the soil, it is carefully
raked or harrowed to make a fine seedbed free of bumps or pits. Turf may then be
planted by seed, sod, or sprigs, according to local practice. Frequent irrigation is
needed while the turf is being established.

Turf is fed by broadeasting a high-nitrogen fertilizer. Often a fertilizer with a ratio of
20-1-3 is suggested, but seek out local recommendations. Fertilizers with high water-
insoluble nitrogen (W1N) content are best. In areas where soil salinity is a problem, wrf
fertilizers should be of low salinity, and care must be taken o avoid overfertilization.

Fertilizer recommendations vary widely depending on the region of the country, the
type of wrfgrass, the level of maintenance, and the use of the turf, The annual rate
of nitrogen application varies from as linle as 1 pound nitrogen per 1,000 square feet
for low-input, low-maintenance turf with tolerant turf types to as much as 6 pounds.
The larger amounts are split inte several applications—often spring, carly fall, and
lave fall.

There has been concern that nitrates may leach into the ground water below trf,
or that phosphates will run off inte surface waters and induce cutrophication, There
is good evidence that turf roots are very efficient at scavenging nitrates out of the
sail, and phosphates tend to tie-up in the thatch. Properly applied fertilizers at moder-
ate rates, following soil testing, should not create serious problems, but one cannot
assume no problems, One should take care to sweep up fertilizers and clippings that
fall on surfaces such as sidewalks.

Core acration (Figures 17-13 and 17-14) is a most useful wrf soil-management prac-
tice. To aerate, a machine, preferably one with hollow tines, creates small pits in the
lawn. This breaks up compaction, increases aeration, and improves water infiltration.
Aerate when the soil is moist and wirl is growing actively.

For season-long green color, irrigation of el is usually needed. One expert suggests
adding about an inch of water when 30 percent to 50 percent of the lawn shows signs
of water stress—a slight rolling of the older leafl blades, Some grasses can be allowed
to go dormant in a dry season, but excessive dryness can damage wrf,



——— _ Horticyltural Uses of Sail

Xeriscaping

Landscapers—and their customers—of the more arid regions of the United Stages ok
the problem of water shortages. The problem has been dra matically compounded 'E,:,r the
planting of landscapes adapted to the more moist eastern and northern states and high
population growth in arid parts of the country. An answer (0 excess water use is Xeriscap-
ing (from the Greek word xeros, or dry). Xeriscaping is landscaping adapted 1o dry cli-
mates, Some of its methods can also be adapted to less-arid places to reduce warer use,

A major component of xeriscaping is plant selection. A wide range of plants are avail-
able that thrive under low-moisture conditions. The most dramatic of these include
cacti, succulents, and yuecas (Figure 17-B). However, xeriscaping need not mean only a
mixture of sand and cacti. A number of shrubs, trees, and flowers can wolerate dryness,
such as palo verde (Cercidinem sp.) and several salvias (Saivia sp). Some short-grass
prairie grasses can be grown for lawn with minimal watering, such as blue gramma
prass, the state grass of Colorado.

Wide spacing of the plants is a second component. By spacing plants farther apart,
they compete less for water, and each plant has a larger water collection area devoted
to its use, In this, xeriscaping mimics natural plant distribution in desert areas,

Lastly, the xeric landscape strives to conserve irrigation water, Precision landscape
irrigation—precisely designed and managed irrigation systems—can reduce water
usapge. Replacing turk, which must be uniformly irrigated, with woody and herbaceous
plants that ean be watered with microirrigation lowers water usage, as does reducing
plant populations. Non-potable water sources, such as sewage effluent or home “grey
water” from appliances is also being adopted in some uses. Care must be taken with
the clevated salinity and other chemicals such water contains. Finally, some plants can
be replaced with paving, boulders, or other hard features that use no water.

Xeriscapes may not always function as planned, In 16 months of monitoring water
use in Phoenix, Arizona, one study found that homeowner study subjects applied more
water to xeriscapes than to conventional landscapes.' Thesc results suggest that there
may be some challenge o making xeriscapes successful,

Peterson, K., Siabler, L., & Martin, C. (2000, January). Srrigation apphication polnres in urban residesial
landseapes. Symposivm on Central Arizona-Phecnix Long Term Ecological Research, Arizona $tate Univer-
saty, Phoenix, AZE.

SUMMARY |

This chapter discussed how soils are managed to grow
fruits, vegetables, and ornamental plants. An irrigated,
coarse soil allows early production of vegetables, while
a medium soil gives the best production. Vegetable soils
must be well drained, Many growers make good use

of animal and green manures to make up for the small

amount of organic matter most vegetable crops produce.

Fruits and field nurseries need a deep, well-drained
sail. Clean-cultivated fruits and nurseries need level
land and close attention to eresion control, Because
crops stay in the ground for many years, land must be

carefully prepared before planting, including drainage,
terracing, irrigation installation, leveling, and plowing
lime and nutrients into the soil. In the years after
planting, nitrogen is the most important netrient.
Maintenance of soil organic maiter is a challenge for
these growers,

Pots drain poorly because the soil column ends at the
bottom of the pot. To overcome this, potting mixes are
very porous and consist of coarse aggregates such as
sand, an organic material such as peat moss, and some
times soil. Soil-based mixes must be sterilized by heat
or chemicals to kill weed seeds and soil pathogens.
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For landscape plantings 1o grow well, the soil must tices are necded for healthy plants. Fertilizing
be handled properly. Plants are chosen that will thrive established torf and trees also keeps them growing
in the soil on a landscape site. Landscapers must be well. Xeriscaping is landscaping adapted o
aware of the effects that texmral interfaces have on the dry climates.
ement of water and the growth of roots. Proper soil : o AR :
ks . E I Chapter 19 of this text contains information related o

preparation for planting turf and good transplant prac-

this chapter.

REVIEW | -

ENRICHMENT ACTIVITIES

Why is preliminary soil testing and preparation What soil tests might you ask for o evaluate a yard
even more important for fruit crops than for most for suitability for balsam fir? See Appendix 5.

other crops® What are examples of preparations? 3 - ;
s P prepa 8. Describe a soil we would consider good for both a

Why are vegetables often grown on sandier soils in home landscape and a nursery, See Appencdix 4.

northern states? Provide a full explanation. i ,
P 9. Whar are elements of a xeriscape that help

Why is nursery culture hard on s0il? What practices SAVEe water?

do nurseries do (o compensate? i :
10. It is generally held that when watering a house-

Gardeners often put 2 laver of gravel in the bottom plant, one waters until ahout 15 percent of the

of a pot (o improve drainage. Does it? Explain your water runs out the drain holes at the bottom of
answer. Hint: keep the problem of interfaces and the pot. If there is a tray under the pot, the excess
soil columnp depth in mind. should be disposed of. Explain wihy, Would it meat-

ter if distilled water were used?
Why is it eritical for health of plants growing in

containers that there be drain holes in the pois? 11. A case study: In 2002, the author's home state

(the Land of 10,000 Lakes) passed a law restricting

We plant a tree in heavy clay soil. To make sure phosphorus in lawn fertilizers (o preserve water

it dewes not fall over, we bury a few inches of the quality. Describe the problem of phosplhiorus in
stem. To make it easier to water, we leave a deep surface water. Knowing what you have learned
depression under the tree. What are possible conse- in your soils class, and following an Internet search
quences of such actions? on “lawn feetilizer and phosphorus,” write @

As a Lindscape designer, vou like balsam fir (Abfes paragraph about your reaction to this ordinance.

failzamea). What kind of soils should be avoided?

This little experiment demonstrates the effect of the depth of a soil column on drainage. Soak a common
rectangular kitchen sponge until it is sawrated. Hold it in the air horizontally (shortest dimension vertical) and
watch it drain. Now hold it with the second longest dimension vertical. Observe further drainage. Then

hold the longest dimension vertical. Whan happens? One might quantify this experiment by making

weight measurements.

Check out numerous sites about xeriscaping on the Internet, Compare several sites and judge them on reliability.
Are they from a knowledgeable source? What is the authority or credentials of the source? Do they seem to have
a biased viewpoint? How old is the sie?

Repeat Chapter 3, Enrichment Activity 6. This time, using charis in the soil survey, ereate a color-coded map of
soil suitability for purposes of landscaping, nursery culture, or other horticuliural use.

Lising @ county soil survey, select a soil you think would be excellent for growing vegetable crops, Explain
your TCRSENingG.
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TERMS TO KNOW

congentrated flaw rill erasion
conservation buffe: rigarian budffer
oo bulfer sirp saltation

contour tillage shiet sradian
crodd-wind ridge splash erosion
| cross-wind trap strip strip cropping
| diversion surface creep
OBJECTIVES ephermeral gully Luspension
filver strip Universal Sl
After completing this chapter, you should be able to: GrasHed Wateraay u:;:x:atlon

gulky erosion
Aevised Univerial
Soll Loss Equation
[RUSLE]

« list the effects of soil erosion Wind Erosion

« describe how soil erosion occurs Equation (WEQH
+ list the types of water and wind erosion

« calculate soil loss from water erosion on a field
» describe ways to prevent erosion

« discuss climate change and erosion

Natural erosion has '.|]“.',|.1I._H'. -\.|:|:|.|}|.:4;| the earth’s surface {l":gun.' 2=100. Howw-
evier, human-induced crosion created by agriculiure far exceeds geologic
rates. Dara published in eardy 2007 revealed that worldwide, humans cause
erosion at a rate 10 o 15 times faster than natural geologic processes, and
estimated global erosion at 75 bilfion tons of soil per vear (sec Enrichment

Activities for Source).

Each vear almost 2 billion tens of seil wash or blow from farmlands of the -
United States. This quantity is equivalent to lesing the full plow layver from
2 million acres of Birmland. Most of the loss—about 3 hillion tons—results
from water erosion. The remaining 0.8 billion tons is lost to wind erosion.

Soil scientists follow the rule of thumb thar 1 acre of land can afford
e lose at most 1-5 wons of soil each year. The average soil loss o water
erosion on cropland is thought be about 3.5 tons per @acre per yvear, close
o the limit. Added o
2.9 1ons per acre per year to wind erosion (Figure 18-1) Abour 21 percent

15 amount, however, is an average soil loss of

of American cultivated cropland suffers soil losses greater than the accept-
able limit for water erosion, Figure 18-2 shows where water erosion tkes
place in the United States.

Erosion data are from the Natomil Resources Inventories (NRIs) con-
ducted by the United Stares Department of Agriculture (USDAY in 1982,

W
o
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Average annual sheet and rill
eroshon by state on nonfederal

cultivated land in tons per acre,

[USDA, 1997 National Resource
Inventoryl

Chapter 18 e s ==

Extimated average annual lass of Cultivated cropland 4.5 .5 ar 29
topsoil in tonsfacre to erosion in

nonfederal lands of the United Pastureland 1.1 1.0 1 0.1
States. (USCHA 1997 Mational Rangeland 1.2 1.2 4.7 4.4

Respwrce Invendory)

[ 0=2.5 tonafacre
[ 2.5-5.0 wonsfacre
O 5.0=7.5 tonsfacre
B 7.5-10.0 ionsfacre

1987, 1992, 1997, and 2003. As shown in Figure 18-1, erosion has slowed during those
years. Unfortunately, the 2003 data do not correlate well with eaclier ones, so figures
quoted here remain numbers from the 1997 NRL The 2003 figures do suggest contin-
wed but slower progress in reducing soil erosion.

Some decline in erosion rates was certainly due 1o a voluntary increase in erosion-
control practices, especially conservation tillage. Some was due to conservation com-
pliance measures required of growers by recent Farm Bills for participation in other
USDA programs, Much improvement is attributed to removal of over 36 million acres of
erodible land from cultivation, entered into the Conservation Reserve Program begun
in 1985. Chapter 20 describes these programs in greater detail,

CONSEQUENCES OF EROSION

What damage is caused by this amount of erosion? Some of the damage oceurs on a
grower's fields; this is considered on-site damage. Some occurs elsewhere; this is off
site damage. Examples of on-site damage include these:



Soil Conservation

* Erosion removes topsoil. Topsoil affords the best root environment
by providing the best structure, the most air, and an active population
of organisms, Once topsail is lost, only the less productive
subsoil remains.

* Topsoil contains most of the soil's organic matter and plant nutrients.
Erosion carries away nitrogen, phosphorus, and any nutrient stored
mostly in organic matter. Large amounts of fertilizer paid for and applied
by the grower are wasted,

* Erosion selectively removes organic matter and the finer soil particles
responsible for cation exchange.

* Erosion thins the soil profile, decreasing the root zone. This is a particu-
lar problem on already shallow soils.

* Thinning topsoil and declining organic matter greatly reduces total plant-
available water in the root zone. This has been considered the most seri-
ous effect of erosion on productivity,

* Gullies cut up fields into odd-shaped pieces and make it very difficult to
operate farm equipment.

Examples of off-site problems include these:

* Eroded soil contains nutrients and pesticides that pollute lakes and
streams, For instance, large fish kills have occurred in streams fed by
runoff water from fields treated with soil insecticides.

* Soil particles entering bodies of water reduce water clarity
(Figure 18-3), impairing habitat quality for aquatic organisms and
recreational value.

+ Soil washed away by erosion settles in streams, lakes, harbors, and res-
ervoirs. The sediment fills in lakes and reservoirs (Figure 18-4), creating
a need for expensive dredging. It reduces the ability of streams to carry
witer, resulting in an increase in flooding.

Cost of Erosion

It is only fairly recently that dara have become available (such as NRIs) to attach val-
ues to the cost of erosion. There are actually two separate sets of costs: (1) costs to
the farmer and consumer of production losses, and (2) costs to the public of pollution
and sedimentation.

Productivity losses to the grower remain difficult to pin down precisely and are not
usually severe in the short term but accumulate over time, In a 1994 Indiana study! of
soybeans, yield losses varied between 17 percent and 24 percent on a severely eroded
soil phase compared to a slightly eroded phase of the same soil. The authors impute
this loss primarily to loss of available water and nutrients,

"Weesbes, G., ot al. (1994). Effect of soil crosion on crop yicld In Indiang: Resubts of 2 10-year stedy. fournal
af Soil and Waler Canzermarion, 49, SO0F =500,
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Sediment-laden runoff fows
into a Tennéssce lake. Water
quality ks impaired, (Coprtesy of
USDA, Natural Resources
Contervation Senvice)

Sediments (Towing into lakes
and reservodrs can fill them in.
One end of this lake in lowa
shows the effects. (Cournesy of
LSO, Natwral Resources
Consenvation Servicel




e = S0il Conservation

Estimates of total productivity losses in the United States vary widely. Crosson?® esti-
mated a value of $40 million per year; other estimates vary between $83 million® all the
way up toa value of $27 billion.*

Off-site damage estimates for the nation as a whole also vary widely and may be
greater than for on-site values, Estimates range from §3.1 hillion® to $17 billion* per year,
Dredging costs alone were estimated in 2002 o be about 5257 million per year in the
Unipecl Stanes.®

The nation has been battling erosion since the 19305, and progress has been made in
recent years. Yet it remains a major problem, and climate change promises (o challenge
the progress we have made, It is important for all soil vsers o understand erosion and
the technologies for reducing it. We begin with water erosion.

WATER EROSION

On cultivatee land, water erades more soil than wind. Even in dry climates, occasional
high-intensity storms can move a lot of soil off land thinly protected by vegetation. To
understand how to protect soil, we necd to understand the process of water erosion
andd the factors involved.

The Process of Water Erosion

Erasion follows three steps. First, the impact of raindrops shatters surface aggregates
and loosens soil particles (Figure 158-5) Some of these particles floar into soil voids,
sealing the soil surface so that water cannot readily infiltrate the soil. The scouring
action of running water also detaches some soil particles. Second, detached soil graing
mowe in Flowing water and are carried down slopes. As it flows downslope, water may
collect in channels, increasing its erosive power. Finally, soil is deposited when the
water slows down. These three steps are known as detachment, transport, and depo-
sition (Figure 18-6). Detachment is the main task of raindrop impact, and transport
primarily of flowing water, especially in channels.

Erosion occurs when the precipitation rate exceeds soil's infiltration rate. Water then
ponds on the soil surface and is free to run downslope when there are no obstacles 1o
overland flow,

Erasion is a form of work, and work takes energy. The energy for water erosion
comes from the energy of a falling mindrop or running water, The amount of energy
in a moving abject is the product of the mass of the object and its velocity (speed)
squared. Expressed as an equation

1. s
= == TV
S
ICroas0m, 1T (199, Mew 1:cr$p\."¢rlv|."! on soil conservatien poelicy. fenrnal of Soil and Waler Conservefion,
Je 232-2125.

"Den Biggelan, €, et oal, 200100, Impact of soil crosion on crop yiclds ine Mosth America, Adeaurces in
Agrosonry, T3], 1-52,

SPimental, [, et al. (1995) Environmental and economic costs of aoil erosion and conservatlon benefits,
Schemee, 267 1117-1123,

SHansen, L, et al, (2002), The cost of soil eroskon o dewnsteean navigation. fourenel of Solff end Weaner
Conseriviiiomn, 54, 205212,
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Soll erosion begins when
draps dis 1ol particles

Courtesy of US

Ergsion, transport, and sedimen-
tation are visible in this lowa
figld. Sheet erogion it visible in
the background. (Courtesy of
LS, Narural Resources Canier
wation Service)




Soil Conservation

The energy of a falling raindrop relates to its size and especially o its speed. A
Zinch per hour rainfall has the same energy as a 1-pound object Falling 47 feet D;“,D
I square foot of soil. The erosive energy of running water depends op its volume and
specd of flow.

With high erosive energy, water can detach and move more and lirger soil particles.
Thus, erosive energy relates directly to the amount of soil carried off 2 feld. Deposi-
tion occurs when the energy of running water decreases—such as when it slows down
at the foot of a slope. This energy concept will help in the understanding of five ero-
sion factors: (1) rainfall erasivity, (2) soil texture and structure, (3) slape, (4} soil cover,
and (5 roughness of soil surface,

Rainfall Erosivity

The erosive potential of a rainfall event is a function of rainfall volume and intensity.
Volume is the total rainfall that lands in 2 single event, measured in toral millimeters.
Intensity is a measure of how fast rain falls, uswally in units of millimeters per hour,
The faster the rain falls and the longer the rain lasts, the greater will be the erozsive
potential of the rainfall, and the greater will be the erosion.

Texture and Structure

Texture has two effects on soil erosion. First, texture influences the infilication rate of
water, If rainwater infiltrates soil quickly, there is less ponding and less water runs off,
With a lower volume of running water, less soil can be transported. Second, particles
of different sizes vary in how easily they can be detached. Silt particles are most easily
detached, so silty soils are liable to water erosion.

Structure also influences infiltration—good structueal grades like granules reduce
runoff. The strength and stability of soil aggregates is important 00, because strong
peds better resist raindrop impact, Because of the importance af arganic matter o
structure, soil organic matter content has a strong bearing on eredibility. Compaction,
loss of organic matter, and destruction of soil peds by tillage all reduce infiltration and
increase the volume of water available to transport ercded soil. The combined effects
of organic matter content, texture, and structure are called the erodibility of a soil.

Slope

Slope has two components—Ilength and grade. On a steep slope, water achieves a high
runoff velocity, increasing its erosive energy. On a long slope, a greater surface ared
is collecting water, increasing flow volume. On a longer slope, running water can also
pick up speed. Figure 18=7 shows that long, gentle slopes can have the same erosive
potential as short, steep slopes.

Surface Roughness

A rough =il surface impedes downhill flow of water, slowing its velocity, 1f roughness
takes the form of ridges across a slope, water ponds behind the ridges, decreasing the
volume of runoff water. However, if enough water collects behind a ridge, it overflows
and wears it away. Thus, roughness can fall to stop erosion during very heavy rains, on
long slopes, or if sealing of the soil surfice stops infiltration.

Surfuce roughness depends largely on tillage practices, The seedbed resulting from
conventional tillage is smoaoth, while that from chisel plowing is rough. Tillage across



Tillage can create surface rough-
niess that impedes dosvnhill

flow of water, but tillage up and
down the slope creates channels
for aceilerated water flaw, as

in this lowa field. (Cournesy of
LIS0A, Natural Resowrces
Consenvation Servce)
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Eoth slope grade and length
affect soil loss, All slopes listed 14 20
here have equivalent doil loss. S

slopes acts to impede downhill fow; tillage up and down the slope promotes cownhill
flow (Figure 18-8).

Soil Cover
Bare soil is fully exposed 1o the erosive forces of raindrop impact and the scouring
of running water, Soil cover reduces encrgy available o cause erosion. A mulch or
cover of crop residues absorbs the encrgy of a falling raindrop, lessens detachment,
and reduces sealing of the soil surfice, Mulches also slow down runoff water, A com-
plete crop cover such as turf or hay has the same effect, plus plant roots hold seil in
place (Figure 185-9),

Crops that are less close growing, such as row crops or nursery siock, have a dif-
ferent effect. As these crops close in between the rows, they form a canopy over the
soil. This canopy intereepts rainfall and absorbs much of its impact. When water drips
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Figure 18-9

Shope planted to native switch-
grass (Panloum wirgatum) on

an lowa fleld. Highly erodible
land is most safely protected by
permanent vegetation. it also cre-
ares wildlife habitat. (Courtesy of
LS0A, Naturel Resources
Conservation Senvice]

off plant leaves, it again gains velocity, and thus energy. The energy of these drops
depends on the height of the crop canopy but is not as great as free-falling raindrops.
Thus, it is important for erosion contral that crops cover the soil surface as quickly and
completely as possible. Unlike mulches, crop canopies have no effect on runoff speed
or volume, so have a less protective effect.

Types of Water Erosion

A raindrop strikes the soil surface forcefully. The impact shatters soil aggregates and
throws =il grai:ls into the air, On a slope, water hl'-'E.iﬂ5 to flow downhill, "I:'rr!l'iﬂﬂ
detached soil grains with it. This water joins other flowing water, increasing in speed,
volume, and soil-carrying capacity. This order of events leads to five types of erosion.
All five types can occur at the same time on any given slope.

+ Splash erosion is the direct movement of soil by splashing. A soil grain
can be thrown as far as 5 feet by raindrop splash,

» Sheet erosion is the removal of a thin layer of soil in a sheet. On gentle
slopes, or near the tops of steeper Slopes, Water moves in tiny streams
roo small to be noticed. This gives the impression of losing soil ina thin
sheet. Sheet erosion appears in the background of Figure 18-6. Sheet
erosion may go unnoticed until the subsoil appears.

= Rill erosion is visible as a series of many small channels on a slope.
Water tends to collect in channels, picking up energy as it runs down the
slope, As a result, running water carves out small but visible channels
called rilfs. A rill is small enough to be filled in by tillage. Figure 18-10
shows rill erosion in the background,

« Ephemeral gullies are large rills. The channel is small enough that

tillage equipment can cross it and largely, bue not completely, fill it in by
tillage. During another heavy rainfall, water will collect in the old



Severd foil ergsion on a whoeat field in the Palowess
region of Washington state. Rill eroston ks visible in
the background, ephemeral guily in the fores
ground. (Courtesy of LISOWM)

channel, and erosion will begin here. The foreground of Figure 18=10
shows an ephemeral gully.

* Gully erosion is the most highly visible erosion. Gullies are so large
that equipment cannot cross them (Figure 18-110 Gullies are typified by
pronounced head cuts and collapsing sides, visible in the figure. Gul-
lies usually begin to form near the bottom of a slope or on steep slopes,
where running water has enough force 1o carve a deep channel. Gully
heads may back up the hill as water running into the gully collapses the
head cuts and sides.

Each type of erosion is important o understand for different reasons. Sheet erosion
is @ hidden soil loss, because there are no visible signs until the subsoil appears. Rill
erosion can also be hidden, because each tillage causes the rills to disappear. The
amount of the hidden erosion can be casily underestimared by a grower.

Ephemeral and gully crosion wogether result from a form of water movement called
concentrated flow, in which water concentriates in channels, These channels focus ero-
sive energy, increasing the ability 1w carry soil off field. Concentrated flow reduces the
effectiveness of many of the conservation 1ools described here, such as filter strips,
aned accounts for a large proportion of sediments leaving ficlds,

The Universal Soil Loss Equation (USLE), and its revised version, the main tools for
estimating crosion rates, predict only sheet and rill erosion, and not ephemeral or
gully erasion. Thus, the cquation can seriously underestimate soil loss on fields with a
great deal of ephemeral erosi
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Predicting Soil Loss: The Universal
Soil Loss Equation

Using the soil-loss factors described, an cquation has been developed to predict the
average soil loss from sheet and rill erosion on 2 .'i|'!||:'i'iri{.' site. The USLE was developed
over several years from some 10,000 plot-years data from 49 test sites around the coun-
itry (Figure 18-12) A conservationist can use this equation to decide what conservation
practices are necded o keep soil losses within .ll:'l’.'r.'[:ll.;ll)h.' levels.

The USLE does have weaknesses, The equation predicts sheet and rill erosion only.
If a slope shows signs of ephemeral or gully erosion, results from the equation will
understate soil loss. The equation predicis average soil loss over time. A single, highly
erosive rainfall may cause far more erosion than is predicted by the equation. Nor
does the USLE provide Alsa,
applications to some crops, rangeland, and o farmland in some parts of the country
have not been r'..:ll}- reliabile.

accurate estimate of soil losses from snowmelt runof,

Tolerable Soil Loss

At the heart of the USLE is the assumption that a certain =0il
because soil-forming processes replace lost soil. The equation ©
determine if soil loss exceeds this amount. In virgin grasslands, erosion S
to an inch every 5,000 years or about 3 pounds per acre per year. In the |=;.1nu?-r- Jm-.l
of the Pacific Morthwest, erosion levels sometimes reach -;_1_|,_'|_|'_:IIJ tons per sk e |}4..:I'
year (Figure 18-10). This is a loss of an inch of soil every one and @ half to B pi A
Between these two extremes, what soil loss can be L|!'|'|r:t':;.IL".|-:"

loss can be tolerated

an then be nused to
may amount

Gually erosion in lowa. Gullies
ncrease in size 2 the sides
collapse inward during tevere
rin events of spring unodf.
(Courtedy of USDA, Narural
Repources Contervatian Serice)



Rainfadl simulanor in South
Dakota. Such devices are used
in research on sofl erodion.
(Cowrtesy of USDA, Agniculiural
Research Servicel
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Soil scientists have decided that soil losses between 1 ton and 5 wons per acre per

vear can be tolerated, depending on quality and depth of a soil. It i5 assumed that
erosion damages a deep soil least. The amount that can be wolerated is symbolized by
the letter 7.7 Each soil series has its own value of T, which is noted on a soil-survey
report. However, T certainly exceeds normal soil-formation rates. That is, even at
T, s0il is being lost more rapidly than it is being replaced, so many soil scientists
maintain that T is not a sustainable loss over the long term and not a reliable guide to
the need for erosion-control measures.

The Equation

The USLE is based on a standard test plor representing an average eroded site. This
plot has a 9 percent slope 72.0 feet long. The slope is kKept in clean-tilled fallow, using
conventional tillage up and down the slope. The equation works by comparing a spe-
cific spot 1o this test plot.

The equation reads as follows:

A= RKLSCP

A is the tons of soil lost per acre cach vear, Obviously, A should be less than 7 To solve for
A, values are inserted for the six variables and are multiplied. The variables are as follows:

* K—rainfall and runofl factor. K is based on ol erosive power of storms
during an average year, & depends on local weather conditions. The
iscerodent map of Figure 18-13 shows B values for the United States.

* K—soil erodibility factor. K depends on texture, structure, and organic
matter content. Soil-survey reports give the value of K for mapped soils.
They may also be caleulated.
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Flgure 18-13

The isperodant map gives the
average yearly values of the
ralnfall erosion index, Factor B,
Climate change is no doubt alter-
ing thase values. The datted line
is used in examples in the text.
(US0A Handbook 5371

= L5—slope Factor. L compares slope length and § compares grade with
the standared plot, £ and S are separate factors, but they can b treated
as one variable, LS L5 values can be determined fram the chart
in Figure 15-14

» ¢—cover and management factor, © compares cropping practices,
residue management, and soil cover to the standard clean-fallow plot.
¢ values are caleulated from detailed tables and are valid only
within the area for which they are calculated, Namral Resources
Conscervation Service (NRCS) offices prepare simplified tables for use
in the field, and some have computerized the compurations, Figure 18-15
is 2 sample of such a table, and is included here for use in the
solution of USLE problems presented in this text. If necessary, values
can be caloulated.

= P—support practice [ctor. P compares the effect of contour tillage
and contour strip cropping with the test plot. Figures 1816 and 18-17
give P values,

Sample Solution

Let us try a sample solution for a field with the following characteristics. Assume
that we measure a slope of 5.5 percent that s 100 feet long, According to the soil sur-
vey for this area, K = 0.18 and T = 5.0, Assume the grower uses conventional tillage
(o grow continuous corn and plows up and down the slope in the fall. The farm is in

east-central Minnesofa—the county is shaded on the isoeradent map. We begin with
the formula:

A= RKLSCP
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ConventionalBlowing vation Tillage

CropSequence Fall : 1 G 405
Continuous soybeans 048 0.45 0.30 .24 0.20
Corm, soybeans 0.4 0.37 024 019 016
Continuous com 0ar 0.26 o1g 015 0,12
G5B RG 0.32 0.29 017 014 01
C.C5G 0.30 0.27 .14 0,12 0.09
C,58,C, 0.M, M 0.20 0,18 12 on 0.09

Some crop management factors CCCO MM 017 0,15 010 0.09 0.08

for southern Minnesota, These

numbers apply 1o the averages C,E.0.M, M. M on 0.10 0.08 0.07 0.06

of crop rotations using corn (C), Permanent grass 0.003-0.013

soybeans (58], small grains (5G],

oats (O, and readow (M), The Grazed forest 0.01-0.04

percentages are reshdue cowver. Ungrazed forest L00N-0.003

(UR2A, MACS Mimnesora office)

The value of R is read from the isoerodent map. Since the farm location does not lie
on a curve, draw a line between the two curves it lics between and estimate the value
of its place on that line (see Figure 18-13) In this case, & = 135:

A= 135 KLSCP
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land Slope Maximum 5}
:"!f:-izr-:r:nlj PValue Length (feeat)
1=d 0.60 400
| 3=5 0.50 300
| 6-8 0.50 200
| 2=12 0.60 120
: 13-16 0.70 A0 Figure 18-16
i . Suppaort practice factor Pfor flelds that are
7-20 0.£0 &0 contour tlled, The figures ane unreliable
21-25 0,90 50 if slopes are longer than indicated. (USDW
= Handbook 537)

Strip Width

1-2 .30 0.45 0.60 130 800
3=5 0.25 0.38 0.50 100 GO0
6-2 0.25 0.38 0.50 a0 400
912 0.30 0.45 060 BO 240
13-16 0.35 0.52 0,70 80 1&0
17-20 040 060 0.80 &0 120
21=25 045 0.68 0.90 50 100

Figure 18-17

Sample support practice factars
fer contour strip-cropping. Cal-
urmin A is a four-year rotation of
rowy crop, small grain, mesdow,
meadow. Column B is row crop,
row crop, winter grain, meadow.
Cedumn C is altesnate strips of
rovy crops and small grain, (USDA
Handbook 537}

The value of K is given in the soil-survey report. For this soil, £ = 0.18.
A= (135)(018) LSCP
The value of L5 can be obiained from Figure 18-14. Find the slope length on the bot-
tom axis (1000 and follow up the chart until it touches the 5 percent slope line. Now go

up to where the 5.5 percent line would be if there were one. From this point, move left
to the vertical axis, The LS factor is shown as L85 = 0.6,

A = (135) (0.18) (0.6) C P
The first three Factors are fixed for the site—they are not changed by anything the
farmer does, short of land leveling, terracing, or incorporating organic matter (o lower
K. Simplify the equation by multiplying the three facrors:

A = (135) (0.18) (0.6) CP = [14.58) C P

Refer to Figure 18=15 1o find the  value under conventional fall plowing in continu-
ous corn, @ = [0L37,

A= (14.58) (0.37) P
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The farmer used no support practices, so P = 1, meaning it is the same as in the
test plot.

A = (14.58) (0.37) (1) = 5.39 tons/acre/year

The computed =oil loss is slightly greater than the acceptable level for this soil, How-
ever, since the equation, if anything, understates losses, the farmer should curtail some
of the erosion. What practices will lower the erosion level? What if the Farmer changes
to contour plowing rather than up-and-down plowing? For contour plowing, P changes
from 1.0 to 0.5 (Figure 18-16); the other factors remain the same:

A = (14,58} (0.37) (0.5) = 2.70 tons/acre/year

The equation says that changing to contour tillage will cut erosion in hall, well
below 5 1ons per acre. Changing from meldboard plowing 1o contour chisel plowing,
leaving a 30 percent cover, would save even more soil:

A = [14,58]) (0.99) (0,5} = 1.39 tons/acre/year

Applications of the USLE

The most obvious way to use the USLE is to predict erosion from a certain field and to
help select the best control measures. The example showed how this can be done.

The USLE can also be used to identify crodible lands. Land planners could use this
information 1o prepare use maps based on erodibility. Or officials could identify lands
most in need of assistance.

One scheme defines an “erosion index,” or E1, as follows:

_ RHL3
El = T

The formula calculates the “native” erodibility of land, such as slope and texiure, and
excludes management practices. This is divided by Tto get a multiple of the accept-
able soil loss if farmed without protection. Any value of El greater than one means this
land, if tilled without erosion-control measures, will lose soil more rapidly than T

This index can be used to identify soils most in need of good management prac-
tices, allowing funding and efforts to be focused on land that will return the largest
return on investment. For certain federal progeams, land with an El greater than cight,
labeled Highly Erodible Land (HEL), demands protection.

The Revised Universal Soil Loss Equation

Needed improvements, deseribed earlier in this chapter, in the USLE are incorporated
into the Revised Universal Soil Loss Equation (RUSLE), first released in 1992 and still being
refined. RUSLE follows the basic USLE equation, but has refined factor values from
improved data and computer modeling. The new model allows soil-loss caleulations on
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some crops and conditions not covered by the USLE, like horticultural crops such
vegetables, The revised equation was designed primarily for computer use, e

Although RUSLE has largely replaced the USLE for erosion prediction, the older ve.
sion is retained here because it is more easily described and practiced in a text such as
this. The RUSLE requires more field data, such as information about crop canopy ang
surface roughness. However, most basic procedures remain the same.

The current RUSLE, like its forerunner, fails to adequately account for concentrated
flow, though it is being updated to do so. Even more complex erosion-prediction toaols
based on extensive computer modeling of erosion processes, such as the Water Erosion
Prediction Project (WEPP), model concentrated flow better,

Contrelling Water Erosion

All methods of contrelling water erosion are based on one of four actions:

* Reducing raindrop impact to lessen detachment. This can be done by
growing vigorous crops that fill in the canopy quickly, leaving crop resi-
dues on the surface, mulching, or by growing a total vegeative cover,

* Reducing or slowing runoff, This lessens detachment by scouring and
reduces the amount of seil that can be transported. Avoiding compaction,
maintaining organic matter levels, and subsoiling help water infiltrate the
soil. Contour practices and conservation tillage both reduce runoff.

» Carrying excess water off the field safely by use of grass waterways or
tile outlets.

* Filtering soil particles out of running water,

In practice, soil-conservation measurcs may be classified as (1) soil improvements,
(2) vegetative cover, (3) conservation tillage, (4) contour practices, (5) grassed water-
ways, (6) terraces, and (7) conservation buffers. Most of these measures reduce erosion
by several of the actions listed above, and many of these practices can be combined.

Soil Improvements

Practices that improve infiltration of water into the soil, thus reducing runoff, dimin-
ish erosion rates. Foremost among these are practices that increase soil organic mat-
ter content and improve aggregate stability. Organic agriculture, conservation tillage,
cover cropping, and other practices listed in Chapter & can improve, or at least pre-
serve, soil organic matter. Meadow crops most effectively improve aggregate stability,
so crop rotations including meadow crops save soil, as shown in Figure 18-18. Avoid-
ing or treating compaction by subsoiling also improves infiltration, as do the biopores
common to no-till soils.

Vegetative Cover

Vegetative cover protects soil from raindrop impact, standing vegetation impedes over-
land flow, and root systems help bind the soil together. A standared erosion-control prac-
tice is simply selecting a crop suitable for a site’s erodibility, Nursery and vegetable crops
offer the least vegemitive cover, therefore are least suitable for sloping ground without
protective measures. Small grains offer greater protection than common row crops, so
including them in a rotation with row crops helps save soil (Figure 18-18). Permanent



Effect of several crop rotations
on sofl erosion. Other USLE
factars rernain constant, (LS0A,
NRCS Minnesora Office)
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Clean laliow
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Percentage of soil savings
compared with continuous clian faliow

and complete vegetative cover such as native prairie grasses (Figure 15-9) or pasture
offers the best soil protection, so is the most suitable trestment for highly erodible
lamd. Other forms of erosion-control practices such as strip cropping and conservation
huffers (covered shortly) also use vegemtive cover, Crop rotations that involve small
grains and forages, along with row crops, reduce erosion over continuous row crops.

Other forms of vegetative cover include cover crops, roadside vegetation, and wurf
grass lawns.

Conservation Tillage

Conservation tillage sharply reduces sheet and rill erosion, It is the lowest cost conserva-
tion method per ton of soil saved and carries other benefits as described in Chapter 16,
For these reasons, conservation tillage is the most widely accepted Best Management
Practice for controlling soil losses.

The effectiveness of conservation tillage depends on a rough soil surface and sur-
face residues, especially during the critical period before the crop canopy fills in. The
definition of conservation tillage states that residue coverage be adequate to bring
erosion below T—30 percent coverage s often taken as a minimum amount, Cover-
age can be measured directly by stretching a 50-foot cord, marked every 6 inches,
diagonally across several rows. The number of marks touching a piece of crop residwe
is the percentage of coverage (Figure 18-19) For instance, if 35 marks touch crop
residues, the coverage is 35 percent. This procedure should be repeated in several
parts of the field and the results averaged. Figure 18-20 shows the effect of several
residue levels according to the USLE,

Contour Practices
Contour practices include tillage and planting across slopes, on the contour, rather
than up and down slopes. A contour is an imaginary line across a slope that remains
at constant elevation,

Contour tillage means tilling on the contour, then planting following the same
contour (Figure 18-21). Rainfall ponds behind the small ridges created by tillage,
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Figure 18-19

A MNRCS district conservationist measures residue
in an lowa field, Thee percent residue covered can
be determined from the number of red markers on
the cord that touch a piece of residue. (Courtesy of
US04, Natural Resources Conservation Service)

Figure 18-20

Effiect of several crop residue

levels on eroslon according to the

UsDA for continuous corn. Note

the large drop in going fram 0

0 30 a0 50 60 peroent 1o 30 percent coverage,
Percentage of cover afler planting {USDA, NACS Minnesata Office)

providing more time for water to infiltrate and impeding downhill flow. However, high-
intensity rainfalls reduce the ridges, and high rinfall amounts can cause poncded
water 1o overtop the ridges, which can be erased by water flowing over them, Therefore,
areas of moderate slopes and low-intensity rainfall benefit most from contour tillage
{Figure 18-22). Sometimes rows are graded not on the strict contour, but graded gently
toward a grassed waterway (discussed shortly), so water can flow toward the water-
way 1o bhe carried off safely. Combining contour tillage with conservation tillage (as in
Figure 18-21) layers two technologies for greater protection.

Strip cropping takes advantage of the fact that close-growing small grains and
forage provide a dense vegetative gover, so protect the soil better than row crops.
Figure 18-23 shows strips of alfalfa alternating with corn on the contour. The distance
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Contour tillage and planting

on this lowa field reduces soil
ercsion by blocking dovnhill
flow of water in lews severe rain
evenis, Here, conservation tillage
was also used, adding another
tayer of protection. (Courtesy

of US0A, Natural Resocurces
Conservation Senvice)
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Figure 18-24
Effect of contour tillage on sofl 21-25
erosion for several slope grades.
Ciher USLE factors remaln con- i L i 1 i i
stant. Contour tillage works best 4] 10 20 30 40 50 B0
on moderate slopes. On longer Percentage of sail savings
of steepar slopes, water ponded compared with noncantour tillage”
behind the ridges can owerflow and
wear them away. *Percentiges wire calculatod from the USLE.

of the less-protected soil will be short, so less soil will be transported before entering
the denser vegetative cover of the alfalla strip, where water slows and soil particles are
filtered out. Strip cropping adds another layer of protection 1o contour tillage, and can
be more effective in areas of moderate rainfall. Adding conservation tillage adds yet
anaother layer of protection.
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Figure 18-23
Contewr sirip cropping of alfalfa and carn in an

towea field, (Courresy of USEA, Narural Resowvces
Comservarion Servicel

Grassed Waterway

A grassed waterway is a shallow, scdded, wide ditch that runs down a slope
(Figure 18-24), It is designed to carry excess water off the feld salely, Grassed water-

Wiys serve several LT PSS

= Walerwiays prevent H"""‘.‘"“H where waler |'|.'|.t1,|r,'|;i|1l.' g;“hu_'n.' O X j.lnr_n.a__

= Waterways can e used 1o collect excess wiater from tillage contours.

* Warerways serve as outlets for terraces,

Conservation Buffers

Strips of permanent vegetation that retard overdand flow and act as living filters o
remove sediment, nutrients, and pesticides are called conservation buffers. Conser-
vation buffers reduce erosion and preserve water quality of nearby bodies of water.,
Conservation buffers also enhance wildlife habitat for ground-nesting birds such as
pheasants and other wildlife.

Contour buffer strips are strips of permanent veperation planted on the contour
n strips of cultivated crops. Figure 18=24 shows contour buffer strips as well as
prassed waterways, While this resembles sirip cropping, buffer sirips are permanent
These slow witer flow, permitting more time for infiltration, and fil-
[ should be made of a vigorous, stift-stemmed grass that will not

Betwes

and not cropped,
ter the flow. The stri

fall over when water flows through it.
Filter strips lic along the downhill edge of a field, and work primarily to filter sedi-
4 field before it can enter a receiving area, such as @ nearby

ment out af runafl fro _ i .
stream. They can also filper out some nuirients amd pesticides. Like contour buffer
strips, a dense, stiffestemmed prass works best,
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Gragsed walerways and Contour
bulfier strips in lowa. (Courtesy
of USDA, Natural Resources
Comnservation Service)

Riparian buffers are strips of permanent vegetation along streams, wetlands, and
ather bodies of water, to protect water quality from field runcff. A “residential” form of
riparian buffer is planting dense vegeration along the shore of lakeside homes and cab-
ins, rather than mowing right to the shore. Grassed waterways can also be classified as
a form of conservation buffer,

Conservation buoffers, like all other erosion-control procedures, must be properly
designed o function properly, taking into account slope length and other factors, An
example of a design element is the width of a vegetative strip, which must be wider if
more water can be expected to enter it. Some conservation buffers can be enrolled for
Conservation Reserve Program easements (Chaprer 20).

Terraces

Where other measures fail 1o reduce erosion adequately, terraces may be built (Figure
18-25). Long or steep slopes on impermeable soil, for example, require terraces. Ter-
races are costly 1o install and are used most commonly for valuable crops or where
there is a shortage of good land. In general, two Kinds of terraces are used:

* Level terraces parallel the slope and do not empty into a watersway. This
type of terrace is used where soil is permeable enough so that water can
seep in once capturcd ina werrace.

* Graded terraces are necded where water cannot soak in enough, These
may slope gently toward a waterway or be dreained by an underground
tile outler.

Several terrace designs arc shown in Figure 158-26. Of these designs, the broad-
based terrace is most common. Terrace construction begins by designing them 1o
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igure T8=27
Average annual wind erosion
by stave on nonfederal cultivated
land in tons per acre per
year. (Nationa! Resource
Inweritory, 19597}
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fit conservation needs without overly hampering farming. The land is surveyed and
the terraces are marked on the slope. Terraces must be properly maintained to
ensure effectivencss.

Terraces are accounted for in the USLE by the LS factor. Terraces break up a slope
into several shorter slopes. In solving the USLE, the length of a single terrace is
taken as the lengith of the entire hill. Depending on terrace design, the slope facior
may or may not change. It is assumed that most of the eroded soil within the cropped
part of a terrace is deposited in the terrace channel, and that a smaller amount leaves
the field in waterways or outlets. For the P factor, use the comour tillage or stop-
cropping value.

Diversions are large-capacity terraces that divert runclf from  higher elevations.
Diversions are not farmed but are covered with grass. Their uses include:
* protecting felds from cunoll fAowing from higher elevations
. dhﬂ:rtlng waler awiy from active gully heads
* diverting water from feed lors, farmsteads, or other sensitive arcas

* in residential housing, diverting water away from homes

WIND EROSION

Wind erosion accounts for about 40 percent of the soil loss in the United States, mostly
in the western states, Other areas with wind crosion problems include muck and .‘i:ll-'ld}"
soils of the Great Lakes states and Atlantic scaboards. Figure 18-27 shows amount of
wind erosion for each state in average tons per acre per yvear for cultivared land.




_ Soil Conservation

Dry areas with high winds are most likely to experience wind erosion. Ar greatest
risk is soil kept bare by clean-till summer fallow.

Cause of Wind Erosion
Figure 18-28 shows the effect of wind blowing across a bare soil. A very thin layer of
still air covers the soil surface, called a boundary layer, but larger soil particles stick
up above the layer. When wind reaches 10=13 miles an hour at a height of 1 foot above
the surface, soil grains begin to move.

First, wind begins to roll soil grains in the size range of 0.004-0.02 inches (0.1-0.5
millimeter), fine o medium sands. Suddenly a sand grain jumps into the air, rising
as high as 12 inches. Wind blows the sand grain several feet. The grain strikes the
ground, where it may bounce up again or knock loose some other particles. This
process is called saltation—movement by short bounces—and causes 50 percent to
75 percent of all wind erosion. In Fact, more than 90 percent of all movement occurs
within 1 foot of the soil surface.

Fine silt and clay particles are too small 1o be picked up by the wind, because they
do not protrude above the boundary layer. However, the impact of a sand grain mov-
ing by saltation may knock dust into the air. Once the wind hits it, dust rises high into
the air and is carricd long distances. This process, called suspension, accounts for
about 3 percent o 40 percent of all wind erosion. Silt particles move most easily.

Coarse samd particles, ranging in size between 0.02 and 0.04 inches (0.5-1.0 milline-
ter), are too large to be kicked into the air. However, under the impact of saltating sand
grains, they can roll along the ground. This is known as surface creep. It accounts for
5 percent 1o/ 73 percent of wind erosion.

Like water erosion, detachment and transport of soil particles by wind are functions
of encrgy. The higher the wind velocity, the greater the energy. Blowing soil itself con-
tributes (o erosive encrgy, A s0il grain has greater mass than air, thus the impact of a
soil grain carrics more cnergy. As a result, wind erosion has an avalanche effect—as
wind blows across an open field, more and more soil is picked up as the erosive
CNErgy iNCreases,

Saltatiol

Layar al
Still air
Fine aan grain F-inEl sand grain . Whan grain hits, Impact may also
begins to roll Jumips into ale impact knocks sifl  push coarse
of clay into air sand grain

Fill.;.'l.lnll." 18-28

Saltation of fine sand triggers
wingd erosicn, Fine sands are
large enough to protruds above
thir layer of still aly but small
enaugh te be picked up by wind,
Surface creep and suspansion
both depend upon the impact of
fine sand in saltation,
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When wind velocity dies down, so does its energy. Soil particles in saltation or Sus-
pension come to rest when the wind dies down, They may also fall out on the lee
(downwind)} side of an obstruction, the way snow gathers on the lee side of a snow
fence (Figure 15-29),

Effects of Wind Erosion

Like water erosion, wind erosion removes the best soil first—the topsoil (Figure 18-300.
It carries off fine soil particles, especially silt and organic matter. The shift toward a
coarser soil texture reduces nutrient-holding and water-holding capacity. Furthermore,
windblown soil particles “sandblast” young plants, tattering leaves and earing away
plant cells.

Young plants can easily lose half their dry weight when exposed 1o sand-laden
winds, Off-site damages can also be severe—and expensive. Blowing soil can fill road
or drainage ditches (Figure 18-29), affect the respiratory health of animals and people,
increase cleaning and laundry costs, and wear at paint and other surfaces.

Factors in Wind Erosion

The following factors determine the amount of wind erosion:

* Soil crodibility relates mainly to wexiore and strocture, Soils high in
fine sand and coarse silt are most liable o wind erosion; soils high in
clay least liable. Dained organic soils are also easily eroded by win
Soil grains cemented into stable soil aggrepates are less likely o be
blown away.




Figure 18-30

Tapsail blowing in the wind in
Iwa.ﬁw:!nyofmmrumf
Resources Conservation Service)

= Soil roughness makes a larger still air layer at the s0il surface. Each
clod or ridge also acts like a tiny windbreak o slow wind and capture
blowing soil.

* Climatic conditions that promote wind erosion include low rainfall] low
humidity, high temperatures, and high winds. Dry, windy conditions
cause faster soil drying, and dry soil is more erodible than moist soil.
Dry soil alse supports a thinner vegetative cover.,

* Length of field affects erosion. On the leading edge of a field, there is no
wind erosion. As the wind travels across the field, it picks up more and
more soil grains, like an avalanche,

= Vegetative cover prodects the soil, as does a mulech. Bare sail, on the
other hand, is fully exposed o the erosive force of wind.

These Factors together can be arranged to create a soil-loss formula similar to the
USLE called the Wind Erosion Equation, or WEQ. According to the equation, erosion
(£} is a function () of several factors:

E=fil,C.KLV)

where [ is a soil-erodibility factor related to particle size, © is a climatic factor related
to average wind velocities and soil moisture, K is a measure of surface roughness,
L is ficld length, and ¥V measures vegemative cover. WEQ is complex to solve, so will not
be further detailed in this wext. Like the USLE, its limitations are addressed in a newer
computer-driven model, the Wind Erosion Prediction System (W ERS).

9 Soil Conservation
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Rye windstrips between rows of
carrpts in Michigan réduce wind
eroslon and protect the carrot
tops from blowing soil. (Courtesy
of USDA. Narural Resources Con-
servition Service]
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Preventing Wind Erosion
Preventing wind erosion means reducing the factors lisied previously, The following
practices help contral wind erosion:

= Till ai right angles to the wind, leaving the soil surface rough and cloddy.
Lister furrows are very useful because they act as small windbreaks,
called cross-wind ridges, 1o capture hlowing soil.

* Use conservation tillage or subsurface tillage tools, such as rodweeders
and subsurface sweeps, 1o leave crop residues on the soil surface.

* Keep soil covered with vegetation as much as possible. Cover crops act
as living mulches to hold soil in place, and can reduce damage to plants
by blowing sand, as in the cross-wind trap strips in Figure 18=31. Cover
crops may also be used 1o protect soil over winter.

* Moistening soil with irrigation during windy conditions will temporarily
hold soil particles in place.

* Plant windbreaks of trees and large shrubs (Figure 18-32) Windbreaks
protect soil for a distance of abowt 10 times the height of the break by
shortening the feld, reducing wind velocity, and capturing blowing soil.

* Plant the most eritical areas (o permanent grasslands or other
vegetative cover.

Critical Periods
Two pericds are critical for wind erosion. The first is when the soil is fallowed, Large
clean-fallow felds in the Grear Plains are ideal grounds for wind erosion. Subsurface
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wools that leave crop residues on the surface reduce this problem. Instead of
controlling we

«ls by tillage, herbicides can be used o kill weeds while leaving crop
stiillale '\.I.ulﬂi:lg Lo prrodesct the soil from wind.

The period between

vest and the following crop cover is the criti period in
ANy arcas A 5._:..:-,::;[ SIEOW OOver |1r\r:|l1_'<_'l:,5 .\.uil. hul iF lh{' snow bhlows off the rll;_'lil:l., e ]

will sail, &

iin, conservation tillage and winter-cover crops protect soil during the
critical period.

EROSION AND CLIMATE CHANGE

Our crosion-prevention echnologies were developed in response (o conditions of 2

mig-twenticth century elimate. Since climate is changing apidly, many soil scientists
are concerned that those technologies may be overwhelmed by climate change. Indeed,
there is already some evidence of a quickening of erosion rates in some locations,

Climate-change models predict increases in average temperature, greater freguency
of extreme weather events such az prolonged drought, heat waves, or higher inten-
sity storms, and changing rainfall patterns across the globe. We observe these climatic
changes happening already, and they

e likely to become more pronounced over time,

For water erosion, 2 predicted increase in the number of highly erosive mainfalls in
some locations will impact water erosion. For instance, on felds where contour tillage
had been a satisfactory way to control erosion, heav ;

i erase the low

Lk

contour ridees that tillage ereates and render the practice ineffec There may also
il il erosion to concentrated flow, A 2003 report from the Sail
andd Water Conservation Society predicted erosion increases as high as 90 percent on

SCHTE O ![}I anel;

be a shift from sheet 3

Figure 18-32

Narth Dakata windbreaks pro-
tecting the sodl from wind eno-
sian. (Courtesy of USDA, Nadural
Resources Conservanion Service)
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Qur erosion-prediction models like RUSLE may no longer predict erosion accurately.
The isoerodent map (Figure 18-13) we use 1o derermine the rainfall (R) factor will
likely become inaccurate, as could other factors, such as crop-management factors (C).
The report mentioned above suggests that climatic factors be updated immediately.

For wind erosion, some parts of the world already prone 1o wind erosion are pre-
dicted to become even drier. Increased frequency of prolonged drought can only
aggravare that problem. And if average temperatures in those same areas rise, soil will
dry out even faster. The climatic factor (C) in WEQ will also be altered.

Some consequences of climate change are less predicrable. It may change biomass
production on fields, which would alier soil cover and thus erosion. Growers may alter
their cropping practices in response to climate change. For instance, increased corn
production on marginal land could result from the drive to produce ethanol, or crop
residues that protect soil could be removed for biofuel production, or crops better

suited to warmer climates might be selected.

SUMMARY

About three-fifths of the soil lost 1o erosion in the
United States washes away in running water, Water
erosion strips the topsoil, reduces vields, and deposits
sediments in streams, lakes, and reserveirs. About two-
fifths of erosion in the United Siates results from wind.
Wind also strips the 1opsoil, blows awav the smallest
soil particles, and buries ditches and other structures.

Falling raindrops and running water detach soil par-
ticles from the soil surface and carry them away.
Depending on the slope, erosion removes soil as a sheet
or in rills, and if flowing water gathers in channels,
we get the concentrated flow patterns of ephemeral
gullies and gullies, Water erosion is promoted by bare
and erodible soil, long or steep slopes, and the lack of
conservation practices.

Soil scientists use the USLE or its revised version (o
compute soil water erosion loss. The USLE accounts
only for losses from sheet and rill erosion and will
understate soil loss where there is ephemeral or gully
erosion. Using the USLE or RUSLE, a specialist can
suggest practices to keep a farm productive and identify
highly erodible land.

REVIEW

1.  Discuss the types of water crosion,

2. Discuss the types of wind erosion and the types of
soil particles associated with each,

Growing vigorous crops, maintaining organic matter,
and aveiding overtillage and compaction help 1o eontrol
erosion. Both conservation tillage and crop rotation
sharply curb erosion. Contour tillage, contour strip
cropping, and terraces are effective ways 1o slow runeafl,
Where these are not enough to stop runoff, they may
be combined with grassed waterways or outlets to carry
the excess off the field without crosion. Conservation
buffers filter soil out of running water to protect nearby
waters and hold soil in fields.

Wind blows soil off fields by saltation, suspension,
and surface creep. Wind erosion is most likely to oocur
on s0ils that are high in fine sand or silt, or on organic
soils, in hot, dry, windy climates, and where soil is kept
bare, especially for summer fallow. Control practices
include breaking the wind, keeping the soil rough, and
planting at right angles to the wind. The most effective
method is keeping the soil covered by vegetation or
crop residues.

In the coming decades, climate change will likely
challenge efforts 1o predict and control erosion,

3. The text says that soil improvements can increase
infiltration and lower erosion rates. What factor of
the USLE is affected? If infiliration increases, does
the factor increase or decrease?
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Lai3

4.  You operate a farm in Washington County, of Question 4b under these two scenarios, and com-
Minnesota, near the location marked on the isoero- pare the results to your answers for dh,
dent map of Figure 18-13. For a field you farm,
K =032, and T = 5.0, according to the soil survey.
One field has a slope of 4 percent and is 400-feet
long. You grow a corn-soybéan rotation. Use the

A, In response to changing weather pat-
terns, the grower changes from a corn-
soybean rotation to continuous beans,

C factors of Figure 18=-15, Calculate average annual b, More extreme rain events raises the g
soil loss for the following practices: factor in this region by 20 percent,
a. conventional fall-plow up and down 7. Calculate the El for the soil in Question 4. How
the slope would you rate this soil's erodibility?
b. contour chisel, leaving 40 percent cover 8. How might you prepare an interpretive soil map
; . rating soils as 1o their water-erosion h #

5. Land in the Conservation Reserve Program is & o e
usually planted to permanent grass cover. What 9. Describe practices that might keep sediments and
wouled be the average annual erosion rate on the chemicals from farm fields out of nearby hodies
field in Question 4 under permanent grass? How of water.

g thi s abovel?
does this compare to the above! 10, Surface roughness affects both water and wind

6. Climate change might have effects that change erosion. How docs it affect cach? How might we
erosion rates. Recalculate the soil loss from the feld use roughness 1o reduce erosion?

ENRICHMENT ACTIVITIES |

1. Wisit growers in your area who use different conservation measures,

2. Practice the use of the USLE to land in your area using charts in this chapter and local soil-survey reports. You
may need 1o obtain C factors for your area, or use the ones supplied here even if they might differ somewhat.

3. This chapter concentrates on erosion problems in the United States. Investigate erosion in some other country
by typing “soil erosion and” into your browser. Write a short report.

4, For thousands of years, in many parts of the world like Chile, the Philippines, and Mepal, steep mountainsides
have been made usable for agriculture by terracing. Look for images of these mountainsides by searching on the
Internet. Many such images are travelogue photographs. Describe the terraces,

5. Research one seil-conservation practice you think most useful in your area using the Internet or other
resources. Prepare a short report that provides more detail than provided in this chapter,

6. For a historical perspective, the classic 1933 article about soil erosion, The Cost of Soil Erosion, by H.H. Bennett,
is available on the Internet at <htps:;//kb.osu.edufdspace/bitstream/ 181 1/2640/1/V33N04_27 Lpdf> or accessed
through <htips://kb.osu.edu/dspace/handle/1811/948>, This is one of the early, formative presentations on the
subject of soil erosion in the United States by one of the fathers of soil conservation,

7. All conservation practices described in this chapter work better under some situations than others, and all must
be designed and installed according to proper specifications. The USDA National Resource Conservation Service
publishes guideline sheets for these and many other practices. These can be viewed on the Internet at <htepey/
www.nres.usda.govitechnical/Standards/nhep. htmi=,

8. The Soil and Water Conservation Society’s 2003 report Conservation fmplications of Climate Change: Sofl
Erosion and Rungff from Cropland is available on their sive <htipe/swww.swes.orge, Their 2007 report Planning
Jor Extremes is on the same site.

9. The report cited at the beginning of this article is Wilkinson, B. of al. 2007, The impact of bumans on continen-
tal erosion and sedimentarion. Geological Society of America Bulletin 119(1): 140-156. It can be accessed on the
Internet through the GSA site <httipyfwww.geosecicty.org/pubs/>
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Urban Soil

OBJECTIVES

After completing this chapter, you should be able to:

= list characteristics of urban soils

« describe ways of dealing with urban soils

= describe modified and structured soils

= describe erosion and sedimentation control on urban sites
- discuss low-impact concepts

Lirban soils, sometimes identified as “developed land,” are those soils
found within a L'it'!r', oswn, or |1|.L‘|_|'l_:||]|:1|ii,'||'| arezn. Urban areas are grows
ing rapidly. In 2006, there were 1.5 million single amily home and 336
thousand multi-unit dwelling starts. These residential units and their
inhabitants are served by more roads, sewage-treatment plants, public
offices, new office construction, and so on. The United States Department
of Agriculture (USDA) reports that there were 108 million acres of devel-
oped land in 2003, an increase of 30 million acres since 1982, Owver half
the world's population, and about 80 percent of Americans, live in urban
areas, In some small countries, virtually everybody lives in a city.

The problems and traits of urban soils demand a discussion in a seil
text because they continue o grow as a fraction of our land surface and
because most Americans—indeed, most of the world's population— inhabit
such fand.

T we add peaple e the standard list of soil-formation Tctors, as dis-
cussecd in Chapter 2, then the most heavily human-influenced soils are
these urbxan soils. This chapter describes characteristics of urban soils and
nikes suggestions (or managing them.
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CHARACTERISTICS OF URBAN SOILS

Urban soils present certain difficulties to landscapers, gardeners (Figure 19-1), build-
ing contractors, and others who use them, Compared 1o rural soils, urban soils have
been greatly altered by construction, excavation, contamination, and other activities.
Earth has been moved from site to site, prades and drainage patterns chanped, foundsa-
tions dug, and debris and contaminants left behind

Several characteristics of urban soils have been proposed by researchers, These include:

= Great soil variability, both vertically in the soil pruﬁic ancd across the

urban landscape.

Severely modified soil structure from soil moving and stockpiling
(I:i_-_g_un_- 19-2), often with a very hi.g!'l. rl::l.'_l':.'!.' of soil :;:‘:n'lr.l:.'ll:!"inn.

Modified soil pH caused by buricd debris like concrete (which raises pH)
and contaminants

Hestricted aeration and drainage. Sometimes urban soils are also
Bydrophobic—that is, they repel water so it runs off the surface insteacd

of bein E absorbed.

Interrupted nutrient cycling because contamination and other changes
alter biological processes. Mycorrhiza levels may be reduced, and in
some urlkin soils, high earthworm populations alter recycling processes
in the soil.

Elevated soil temperatures from the “heat island® effect of cities.

Presence of substances added by humans, including solid debris and
chemical contaminants.

Reduced soil organic matter, One of the all-purpose remediation methods
for improving urban soils is the incorporation of large amounts of

organic amendments.

A few of these will be examined in detail next.

Soil Variability and Classification

Much of the surface of an urban area has experienced carthmoving and “cut and fill*
operations. In construction of typical suburban tracts, topsoil is removed and stock-
piled (Figure 19-2), soil is moved abour by bulldozers, roadbeds and foundations built,
and finally topsoil returned (or not!) as a thin topdressing on the yards. Subsoil may be
low-quality fill trucked in from some other location. Large-scale commercial building
causes even more severe changes,

As a result, urban landscapes show extreme soil variability. Across the
soils may vary greatly over a space of a few feet, Strange soil profiles also cause ve
variation. This variation complicates the use of urban soils; even soil testing presents a

problem when one corner of a yard may be wholly different than another,

Tryving o survey and classify such variable soil presents great challenges. Many soil
surveys label arcas of developed soils simply as "Urban complexes.” In soil mxonomy,
urban soils may be classificd as Entisols, being, in o sense, new soils in which soil-
forming processes are starting over,

Figure 19-1

Urban sails, [ike this one in
Philadelphia, present thelr own
chaltenges to users, Hke these
gardening youth. Sodl guality is
probably poor, compacted, and
possibly has buried debris and
lead contamination. (Cournesy of
LIS, Watural Resources Consers
vation Service)



Preparations for installing sewer
fine in Minnesota, Topsoil is rou-
tingly removed and stockpiled,
to be retuerned after construction
project are complete. Sofl quality
suffers in the process, with
degraded structure and

othar problems.
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In the 19905, the Mew York City Soil Survey Program examined 320 acres of parkland
with the detail needed for such a variable landscape. To do this, five new soil series
had to be named to identify human-constructed landforms. Such a detailed survey will
provide valuable data for the proper use of that parkland.

Buried Debris

Urban soil usually has a lot of debris buried in it. During construction of a build-
ing. contractors may bury wood or masonry scraps on the site, rather than haul them
away. Buricd rubble may retard clr.'njnngt Or even cause cxcessive drainage, It can be
a physical barrier 1o root growth. Buried masonry, which contains lime, can raise pH
to unacceptable levels. The debris is also a constant source of frustration 1o those try-
ing to work the soil. Recognizing this problem, many suburbs now require builders to
remove debris from construction sites,

[ = e s e e e
Mound Cities

The accumulation of buried debris is so associated with cities that “mound’ is almost
a synonym for ancient city sites, Successive civilizations would build cities atop sites
of former cities, so that over the centuries cities rose in elevation, These are common
enough in modern Turkey that they have a name, Hoyuk. One of the largest, Catal-
hoyuk, rises 65 feet above the surrounding plain. Even same of the cities of today are
elevated by successive building over the generations,
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Compaction

Urban soils are usually moderately (o severely compacied fron b
ment on the soil during construction, vehicle parking “nd' :.I e use of heavy equip-
Countless footsteps on yvards and parks also cagse m;n!-.,».mi.,:m;‘l.ﬂ:mu.: tqglipnwnl_
nearby roadways settles soil, Compaction from construction m:,. '.I:.TI ‘I.I!,\’r".h.'m iGm
like oaks, cause greater erosion, and make it mare difficult = t:’[ﬂ;l_s:t_nm.t:w.:mc&
Compaction promotes the growth of compaction-tolerant weeds m 5 ;d % L““l_bcﬂr?t_-'
difficult to establish good turf. yarcaixndimakes

Compaction can be measured by bulk density. Chapter 1 mentioned that an “ideal
<ail” is about 50 percent solid particles and 50 percent porous space. The bulk d.,-,._e,i;)-
of such a soil is about 1.3 grams per cubic centimeter. As bulk density rises above 1.4,
root growth begins 1o suffer from lack of air and direct phiysical resistance. At a bulk
density of 1.7, roots cannot penetrate the soil. The people in charge of landscaping
arcund the nation's Capitel measured some bulk densities on the Capitol Mall ranging
between 1.8 and 2.2

Many fine upland trees such as sugar maple thrive only on soils of high air-filled
porosity. Many of our best urban trees hale from floodplains, where trees are adapted
1o soils often low in oxygen. Appendix 5 lists responses of many tree species o

sl o npact ion.

Urban soil compaction also reduces water infiltration, thus increasing stormwater
runcff, One 2003 study in Florida' found that urban compaction reduced infiltration
70 percent to 99 percent. In severe cases, the infiltration behavier of compacted soils
appreached that of impervious surfaces such as pavement. Reduction of urban stormi-
water runell is an increasingly important goal, to be discussed later in this chapter,
and avoiding compaction is an important Best Management Practice (BMP) for achiey-
ing that goal.

Planning ¢an avoid some compaction. For instance, on pew construction sites,
limit or protect areas driven on by construction equipment {Figure 19-3). Landscape
architects and designers can help control pedestrian compaction by remembering that
people walk the shortest route between two points. Designers should carefully analyze
expected foot traffic patterns on a new site, and install sidewalks or mulched paths
where people can be expected to walk,

Although difficult, it is possible to break up compaction if no plants are in the way.
Deep tillage will break up compaction, The soil can then be heavily amended to stop
further compaction. Digging large, solid particles such as calcined clay into the soil
helps by creating a “skeleton” that resists compaction. Large amounts of organic matter
such as wood chips ar leaf mold also help, Where heavy foot traffic is expected, a deep
layer of wood chips cushions the soil.

Another method of dealing with foot eaffic is 1o pave the soil with special pavers
anel gricls that have large holes built into them. Grass can grow in the spaces. giv-
ing the impression of wrf, yet the grid protects the soil. Water and air can also nrove
through the spaces,

If trees or turf already occupy a site, compaction is more difficult to repair without

hurting roots. Machines called aerators remove vertical cores from the soil, This pro-

"Gregory, J. of al. (2005, Bffect of urban soil compaction on infil
LTt . . 3
servation, 61, 117=124. an rate, forenal of Sofl aned Wl Co
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Some extirion remodeling on a
Minnesota home, The contrac-
tor protected the soil from
compaction by laying down
heavy phywood. The turl was
covered too long, but récovarnad.

cess helps break vp compaction. For turf, vertical coring to 6 inches breaks up the soil
and makes passages for air and water movement. Machines that remove a core should
be used, and the cores should be left on the surface as a topdressing (Figure 17=14),
For trees suffering from the effects of compaction, coring 1o 18 inches is needed.

Soil Contamination ;

Sodl contami fon may severely impact the usability of some urban soils. These con-
taminants may include heavy metals such as cadmium or lead, deicing salts, or indus-
trial and home wastes such as paint thinners and solvents. Severely affected land may
FECUIre massive reclamation before use, such as stripping and replacing soil.

Deicing Salts

In northern states, roadway deicing salis may be sprayed some distance by passing
vehicles and snowplows, The most common deicer, common salt (sodium chloride), is
used in huge amounts. Sodium chloride creates saline or even sodic soil conditions,
and chloride may reach roxic levels,

The degree of damage from road salis is proportional to the distance from the road-
way and traffic levels and speed on that roadway. Consulting charts of road salt dis-
tances from roads, plantings can be designed 1o minimize problems. One answer is o
plant salt-tolerant species, Appendix 5 provides some goidance,

Common road salts may be replaced by less harmful materials such as calcium chlo-
ride or calcium magnesiom acetate (CMA), but these may be less effective in the cold-
est zones and more costly, Urea and sand mixtures are also used in warmer weather.
In a hoemeowners vard, heavy irrigation may leach salis from the roon zone,

Heavy-Metal Contamination
Heavy metals, such as cadmium or lead, may be present in some soils from the par-
ent materials. In urban settings, they tend o rise to high levels because of settling
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ol urban dust and air pollution, as well ag o

: ; : am
chips or industrial waste. Many soil amendme :
of heavy metals.

inants that enter sof]

s amd fertilize such as paint

% contain low amounts

Fleavy-metal soil contaming

wion is an increasi
"nereasing problem worldwide and ix most

e 1o plant roos i
Lead contamination is the Most severe example in ll:lmn -m1'|:ml un:na]s. and people.
- < In the soil survey of a

New York park mentioned earlier, soil levels ranged from 6 part o

parts per million, showing lead distribution to be quite p:tl:ci;-;; ?:"‘J _"F“"I-}'l:n o 2,003
metal that was once added to paints and to leaded ﬂ-’lwl'im:- ";u:h Eﬂ. ;ghlhr T
phased out in recent years, but lead remains in urban soils, |1.. ;:rinn:?'slt'&al':’uc 11'.':1*{!1
dren, cansing learning, meimory, behavioral, and other problems, Tt -h:u? ht:t.:.l'l l:h;._:.:
that lead blood level in urban children correlates with lead levels in surrounding soils

severe in urban sewings. Heavy metals are poxic

such lower leadd levels are measured in the blood of inner-city children since Lead
was removed from gasoling in the 19705 and 19805, However, urban children still
acquire lead by ingesting contaminated sail or paint chips or by breathing aifborne
dust, In old, especially run-down neighborhoods, chips of lead-based paint may be
eaten by infants and young children. Faint chips may also contaminate soil around
a building.

The following suggestions may be useful in controlling health problems from lead:

» Keep yards covered by a good stand of turf o prevent children from
playing in contaminated soil to avoid ingestion of lead on dirty hands.
Sapelbox sand can be changed yearly.

« Clean children's hanes, keep the house free of dirt, and follow other
cleanliness measures 1o lower the amount of contaminated soil ingested
or breathed by children as dust in the air.

- Remove chipping lead-based paint from old homes, clean up thoroughly,
andl repaint with new paints.

« Have o child’s blood tested for lead levels in high-risk neighborhoods,
These include areas with ald, run-down housing and areas near
heavy traffic.

» Test soil for lead; many soil-testing laboratories perform lead tests.

Many home gardeners are concerned about lead intheir garden soil. The biggest risk
is the direct inpestion of soil by children, The other, much lesser risk, is ahsorption of
leadd by garden crops, which are then eaten by the family, Plants do not take up large
amounts of lead; that which is taken up is concentrated mainly in the leafy parts of the
plant, rather than seeds and fruit.

If a gardener suspects a lead problem, a number of measures may be taken. One
could dig out the old soil 1o a depth of & inches, then build an elevated bed with land-
scape timbers or by other means (Figure 19-4). 1 the bed were raised 6 inches above
the grade, this would give a total of 12 inches fresh soil. This depth would contain
most plant reots, A second measure is to keep the soil pH near neatral, since lead is
much more soluble in acid soils. It is also possible that high levels of organic matter
from compost might form a complex with lead, tying it up. As soil clinging (0 vegetd:

Dles is more hazardous than the vegetable iself, produce from uran gardens should
laee carefully washed and root crops pecled,
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Raised beds in a Texas garden,
Raised bed can lift plantings

out of lead-contaminated soil.
Hera, tha bed soils aré heavily
amended with compost, an x-
cellent way (o improve wban soil
guality and to the-up some of the
lead. [Courtesy of USDA, Natural
Resources Consenvalion Service)
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Arsenic also contaminates some urban soils. A common component in some older
pesticides and treated woods, arsenic promotes cancer and can be a nervous sysiem
toxin. While these uses of arsenic are being phased out, it persisis in the soil, Most of
the actions described above 1o reduce lead exposure apply o arsenic as well.

Brown Fields

Brown fields are so severely damaged by human abuse that the land is unusable
without costly abatement efforts. The Environmental Protection Agency defines
brown fields as “abandoned, idled, or underused industrial or commercial facilities
where expansion or redevelopment is complicated by real or perceived contamination,”
Examples include land polluted by industrial chemicals, numerous piles of waste, or
extensive debris burial.

Brown fields present chances for redevelopment in cities and for slowing of wrban
sprawl by opening more land in older parts of metropolitan areas already served by
urban infrastructure. However, costs may be high, and cleanup is unlikely to occur
without government aicd, Abatement begins with a site assessment, looking at historical
records and sampling the site. Teams of soil scientists, chemists, geologists, and engi-
neers may be involved. A site plan is then produced, and the plan executed, Economic
development can then follow,

A site plan could include bioremediation—the use of living things to reduce pol-
lution. For example, soils could be seeded with certain soil bacteria that break dewn
organic pollutants such as spilled oil. Some plants ke up amnd accumulate WnaE-
ally large amounts of heavy metals in their above-ground parts, These plants, called
byperaccumdators, can be grown on contaminated sites repeatedly, harvested, and
disposed of properdy. For instance, the commeon weed pennyeress (Thlaspd sp) can
accumulate up 1o 3 percent of their mass in zinc.
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While in residential neighborhoods soil is healthy enough to

trees, turf, and other landscape plants, the same i Jns:
“downtown tree” has an average life expectancy of 10 years bag
ronmental extremes.

FPOrt the growth of
e urban cenger. The
Ause of soil and envi.

The dowmown tree is often planted in a small S0l
(Figure 17-9, with an extremely restricted root zone
pavement, Below the pavement is a “soil” base that wis severely compacted by
tractors to support the pavement. This treatment severely restricts acration and}r:::;
mechanical resistance o root growth. Trees that do survive often do o by I'in.-ding
better soil on the other side of the pavement, but in so doing, roots may buckle the
pavement Those roots will likely then be cut off by city crews for public safety, The
difference between trées growing in tree pits and open soil is dramartic {pig“,é 1-7),
Similarly, wurf ancl cther landscape ornamentals perform better in improved soils,

Pit or elevared planter
and surroundings covered by

These problems can be answered by either heavy modification of existing soil or by
creation of a wholly new structured soil, depending on the situation. In areas of r\._.|;.|'_
tvely open soil exposed 1o extreme compaction, such as boulevards, a modified soil
may suffice. In paved areas, a structured soil is more helpful.

Modified soils use regular soil with additional treatments. While actual projects need
a lot of expertise, we can make suggestions here, Usually subsoil compaction should
be broken up, then an A and B horizon built with modified soil, and finally the soil
slightly compacted to prevent later settling,

A modified soil consists of soil with a large amount of inorganic or organic amencl-
ments mixed in, Inorganic materials include coarse sand larger than 0.25 millimeter
in size (never fine sand), perlite, cindered fly ash, and others. These amendments are
added in enough amounts that the grains touch each other 1o form little bridges that
prevent compaction and to create large numbers of large pores. This could be as much
as 60 percent 1o 73 percent of soil volume.

Organic amendments may also be used, but tend to be temporary. Sutl'!. materi-
als should be composted (o prevent nitrogen-tie and settling because of rapid decay.
Examples of good materials include composted milled pine bark or redwood bark and
b].'ﬁh agnuim peat.

The designed soil should be added 1o create A and B horizans to i :lci‘:h
of 18 inches, an optimum depth of 24-36 inches, and a maximum of 48 inches. .‘5! I
erwise, a thin layer of 4-6 inch topdressing to rebuild an A horizon miy I‘f"‘r""‘“r":!'
but only if the subsoil is not compacted, is adequately drained, :md can 'flillll!r} asa 5
horizon. Some topdressing should first be applied, mixed into existing soil 1o prevent
sharp interface, then additional topdressing added to the 4=6 inch depth.

Structured soils are radically different than existing soil. These were dﬁlﬂd-b}
the Urban Horticulture Institute at Cornell University. Structured soils create l‘:*z:;“rf
zone under pavement while preserving a stable base for that pﬁlwmenl. Tt_bﬁ' P.'mm_
component of structured soils is crushed stone, into which is mBES S wrm:“ e the
age of clay loam soil and a water-absorbing gel that helps hold water and F'!u_ﬂi bt
whole thing together, This mixture will meet the load-bearing needs of p;m“:-rrlu;'j b
ceeates a rigid lattice that contains large voids for air exchange that can be €Xpio i
roots. The soil occupying a portion of those voids then supports root growi.
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URBAN EROSION AND RUNOFF

Lirban sites, particulary during the construction phase, saffer the paired ]“th!.'l'llh'-
of severe runoll and ¢rosion (Figure 19-5). During constroction of an arban develop-
ment, erosion can be 100 tmes greater than on similar frmland. Large developments
aften leave Land bare for long periods of time, with natural vegenation removed. When
streets and parking lots are installed, runoff from these impervious surfaces can run
over the bare land, cansing massive crosion.

While on-site damage of erosion can be severe (Figure 19=0) and negatively impac
a development, the off-site impact of sedimentation (Figure 19-7) and pollution is of
greater public concern. About 5 percent of the sediment load reaching American sur-
face waters per vear originates in urban development.

Urban runofl, even withour sediment, creates F'|:|1:l|.}|1.'1'|l.-\. It incresses downstneam
flooding, introduces pollutants such as phosphates and herbicides into surface waters,
and reduces the amoumt of water available 1o recharge ground water supplics. Because
urban runofT is warmed by running over warm surfaces, it also threatens the health of
cold-water streams in urban arcis.

This section will look at two related opics: (1) controlling erosion and sedimentation
during construction and (2) designing urban environments that reduce runofl,

Controlling Construction Erosion
and Sedimentation

In recent vears, more stringent *regelations controlling erosion and  sedimentation
have been increasingly enforced. The National Pollutant Discharge Elimination Sys-

Erosion and sedimentation

in a housing development in
Dres Moinies, lowa, This ground
wias left unprotected during
construction. Curment state and
federal standards mentioned in
the pext aim to prévent this out-
come. (Courtesy of USDA, Narural
Resources Conservation Service)
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em (NPDES), enforced by the federal Environmental Protection Apency and state
pollution-control agencies, sets stricter standards for minimizing negative impacts
both during and after construction. Bhase 11 requirements of the NPDES, for instance,
require construction permits after 2003, The aim is to protect the nation's water
resoufees, MNore that here we are dealing not with agricultural agencies like the USDA
but pollution-control agencics.

Erosion underdulting a fence in
Marth Carolina. A consequence
of urban erosion can cause dam-
age o structures and roads. The
201l removed here was deposived
eligwhine [Figure 19-7)

Sedimentatson in a Morth
Carolina drainage culvert. The
40l lost in Figure 19-6 ended up
depasited nearby in this cubsert
whire it did not belong. The
grawnd ansund the culvertis
hard-armared with mock,



Erosion control blankets protect-
ing a slope during & park renova-
tion in 5t Paul, Minnesota, a form
of soft-armoring.
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The NPDES sets requirements for both construction sites and municipal stormwater
sewer systems. I requires adoption of BMPs for prinmarily erosion prevention and secli-
ment control, This includes preparation of Stormwater Pollution Prevention Plans prior
1o all construction above a certain size.

The science and practices of erosion control during urban construction resemble
those described in Chapter 18—protect soil from raindrop impact, prevent or slow
runoff, filter outl sediments—but many products and practices are unigue to urban
situations. Indeed, an entire industry has developed for the marketing and installation
of such products. Controlling erosion on construction sites requires careful planning
and vse of BMPs. There are five gemeral principles for controlling runoff, ¢rosion,
and sedimentation:

.F{E-Ep disturbed areas small. T ing the planning sage, identify critical areas
and plan to avoid disturbing them. Disturk only that land currently being built on
rather than siripping soil over a large area, Where possible, retain natural sail coverin
aother areas.

Protect disturbed areas. As soon as possible, disturbed arcas should be pro-
tected and stamhzed. Establishment of \'l;*gl:l,ltil:l:n 1% most cribical, bur @ num-
ber of temporary soil covers that promote vegetation are available. These prolect
(X T

the soil temporarily while seed in or under the covers germinate and vegeta
established. These include erosion control blankets which can be rolled over
bare =oil (Figure 19=58). These are biodegradable meshes containing  organic

materials such as chopped straw, coconut fiber, or compost. Mulches of chopped
straw are common, Hydromulching blows mixtures of water, finely chopped
straw, and seed over disturbed arcas. Temporary plant cover such as oats may be
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established, and sod may also be installed. Ultimage)y I di

ered by permanent vegeration. ¥ all disturbed areas will be cov-
These procedures involving organic materials are T

compared 1o bard armoring methods (Figure 197 'I']wa;,_-uﬁ.tlskﬂ saft armoring,

stones, called rip-rap. or concrete o cover the soil, use hard materials like

HEE'P.'”.”."‘U'H ?EIGC{:JES J'au.r.. When grading land, keep slopes short and gradients
as low as |;|-:m'\.-||:|]q_-_ Keep vegpetative cover intact o slow runoff where feasible, Vari-
ous permancnt or temporary control structures can be used. For instance i,nlq;hl;.n_.
nels where water flows, temporary or permanent check dams may be i::.-sl:.'ill:;l:_l. These
may be as simple as rows of straw bales across the channel, o rip-rap dams. Rip-rap
may also line the channel. Across channels or across slopes, temporary devices called
Ay e laid. These look like ].‘H’HL‘. lung rolls of ERILSTLS fillec] \;-i['h SEraw, COoMm-
post, or coconut fiber laid across the slope to intercept water flow, and to force it (o
pond and drop % sediment load. In the process, they also break up long slopes into
shorter segments.

Divert runoff away from disturbed sites. Land or pavement at higher elevations
can act as 3 small watershed, collecting rainwater and directing it onto bare soil at
lower elevations, These bare areas should be protected by diversions and the water
diverted into waterways and outlets. Waterways can be covered by twrf, rip-rap, or
even concrete, depending on the amount of water flow they must handle.

Retain sediment on site. By retaining sediments on site, sediment damage is
reduced elsewhere. A classic temporary structure is the silt fence, a dense mesh fabric
buried partially underground and attached to posts to create a fence (Figure 19-9}.
Water backs up behind the fence and drops its sediment load while slowly cozing
through. These must be properly installed, and failure commonly occurs (Figure 19-10),
In addition, all storm sewer inlets must be protected to prevent sediment from entering
the system, Wattles can also be used to filter sediment out of runofl.

Figure 19-9

A sit fence installed prior to the
work seen in Figure 19-2. 5ilt
fiercs ane standard practice 1o
retain 5oil that might otherwise
run off canstruction sites during
rains. Water ponds behind the
femce, drapping it sadiment load
while seeping through.
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Silt fences, like other protective
migasures, will not work when
Improparly instalied.

Most modern developments include retention ponds or sediment basins to cap-
ture sediments. The development is graded to move runoff into these ponds, where
energy 15 lost from runming water in the stll water, and sediment settles oul,
Other, temporary means are also available to dissipate energy and release sediment
during construction.

Calculating Soil Loss

The Universal Soil Loss Equation (USLE) can be used to estimate soil losses from con-
struction sites and o identify critical erosion sites. The results are not precise, but they
do offer some guidance. The USLE is written as:

A=RKLSCP

A is the soil loss in tons per acre, Refer o Chapter 18 for instructions on how to
solve the equation. The following values can be used 1o solve the USLE for construc-
Lhoa Siles:

* K—The rainfall factor can be obtained (rom Figure 18-13,

* K—The erodibility Bictor can be obtamed from soil survey data o
calculated from USDA Handbook 537 (listed in the activities section of
Chapter 18) I the topsoil has been removed, then the K value for the
exposed subsail must be used.
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s L5—The slope factor can be obtained from Figure 18-14. Slope factors
are relinble only up to a 20 percent slope, and so are not reliable for very
steep roadside embankments.

* C—The cover and management factor for bare, stripped soil is the same
as a clean-fallow plot, so Cequals 1O IF a mulch covers the soil, ©is
much lower. Figure 19-11 gives & values for construction sites.

Mulch Rate Land Slope
Ty {tons per acre) (percent) Length Limit (feet)

| Mone . ] All 1.0 _—
Straw or hay, tied down 1.0 1=5 0.20 200
by ancharing and tacking 1.0 .10 0.20 160
equipment 1.5 1-5 012 100
1.5 5-10 012 150

2.0 =5 0.06 400

20 G=10 0.06 200

2.0 11-15 0.07 150

2.0 16=-20 an 100

20 21-25 0.4 75

2.0 26-33 017 50

2.0 34-50 0.20 25

Crushed stone, 125 <16 0.05 200
0.25-1.5 inches 135 16-20 0.05 150
135 21-33 0.05 100

135 34-50 0.05 T5
240 <21 0.02 300

240 21=33 0.02 200

240 34-50 0.02 150

Waad chips 7.0 <16 0.08 75
1.0 16-20 0.08 50
12 <16 0.05 150
12 16-20 0.05 100

12 21-33 0.05 75
25 <16 002 200
25 16=-20 0,02 150
25 21-33 0.0z 100

23 34-50 0.02 s

I'i1|!|:'1_- 19=11

Cenvir and management factors (C)and length limits for construction stopes. I slope length is exceedied, higher mulch-applecation tates or some
means of shortening the slope is needed. (USDA Handiook 3370
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A parous paving system inan
owrd pallcing bot. Water infiltrates
between the pavers, entering un-
derlying soil rather than running
into storm sewers, (Courtesy of
USDA, Natural Reiources Conser-
wation Service)
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* P—The support practice factor is usually 1.0, because few of the support
practices are applicable 1o construction sites.

Revised Universal Soil Loss Equation (RUSLE), mentioned briefly in Chapter 18, pro-
duces more accurate predictions for construction soil loss, and can also better ca leulate
sediment delivery ot the base of a slope.

Low-Impact Development

Stormwater runoff remains an issue after a development is complete. Standand pracrice
for design of urban sites is the rapid removal of stormwater by grading the land o
move it quickly 1o storm sewers or culverts and discharging it into surfaice witers, This
reduces on-site flooding and wet basements in developed sites, However, it may menely
move the flooding downstream. Furthermore, urban runoff often carries pollutants
and sediments to streams and rivers.

In the natural cycle of things, some of this stormwater supplies needed water (o veg-
etation and recharges groundwater. The flow of many streams depends on groundwa-
ter, 50 2 filure of groundwater recharge reduces stream flow, In areas with cold-water
streams that support trout or salmon, runofl water raises stream temperature, making
them less fit for fish habitar.

A different option is 10 design developed areas to retain water on site and allow
it to filter im0 the soil, using the water as a resource for irrigation and recharge
rather than a disposal problem. This is called low-impact development or zero-
runcfl development,

A number of BMPs can be deploved to keep most water on site. A large contributor
o stormwater runofl is the large area of hard surfaces—parking lots, driveways, and
the like—that cover urban arcas. Many of these can he replaced by porous miaterials
that allow water to soak inte the underlving soil, such as special porous concrete or
blacktop. Brick or concrete pavers, with porous gaps hetween the pavers, work in
many applications (Figure 19-12). Lawn itself, on compacted soils, often lacks much
ability 1o accept water. Lawns may be designed 10 be more porous, or replaced by gar-
dens that proamote infiltration,

In developments, water is carried away from yards in shallow ditches called swales.
Swales can be designed with deep, porous soils and planted o dense vegetation thar
slows runoff, promotes infiltcation, and traps sediment. These bioswales can lead o
wetlinds or basins that capture water that exits the swale,

Two kinds of basins can be constructed on site to capture runoff and promote infil-
teation. Retention ponds designed to promote infiltestion, rather than simply holding
wiater, can be called recharge basins. These will not be full of water all the time. An
alternative is the rain garden, a shallow depression in a vard, or ringing parking lots,
that receive runoff and absorb it. The rain garden is planted o dense vegetation such
as ornamental or native grasses and perennials that can wolerate periods of wetness,
The rain garden should have a highly porous base, and is not meant o hold water
except for brief periods during rainfall. If it holds water too long, it may fill after sev-
eral rainfalls and cease to funcrion.

Green roofs (Figure 19-13) are even beginning o appear on some buildings—beds
of vegetation planted on building roofs, Green roofs may be infensive, which have



Figure 19=13

Extensive green roaf on the

Ford Rouge plant in Dearborn,
Michigan. Many thousands

af square feet of the roof are
planted to stonecrops [Sedum
ipu, & tough, drought resistant
plant. Phato was taken during
thie darmant Seas0n. AMong
other benefits, the living Layer
absorks large amounts of rain
to reduce water running off the
roof and on into the storm sewer
systerm. This scene is featured on
a taur of the plant,

decp beds of soil that permit a wide range of vegetation 1o be established, or extensive,
having beds of shallow soil planted with very drought-resistant plants such as stone-
crops (Sedwm sp.). Special lightweight soil mixes reduce loading on the roof structure
while providing a suitable growing medium. Green roofs offer many benefits such as
reduced roof temperatures (thus lower cooling loads in the building), and increased roof
insulation from winter cold. The relevant benefit here is absorption of rainwater that
would otherwise enter the storm sewer system, which returns instead o the atmosphere

by evapotranspiration.

SUMMARY |

Urban soils exhibit great vanation, poor quality, buried
debris, compaction, and contamination. They are diffi-
cult to classify and map because of the extreme varia-
tion. Examples of contamination inclucle road deicing
salts and lead, which lead to health ]‘.ll'Dl!}l.L‘Iilﬁ in chil-
dren. Severely damaged brown fields can be repaired
and be used for redevelopment.

In urban centers, soil can severely limit plant growth,
Here, modificd and structured soils can improve growth

of trées and other plants to improve the environment
for city inhabitants.

During construction of roads or housing, soil is fully
exposed 1o the forces of water erosion. Keeping dis-
turbed areas small, protecting the sofl surface, and fil-
tering sediments with various BMPs can reduce erosion
and sedimentation. Increasingly, new developments ane
designed to retain stormwater on site rather than speed
its travel to surface waters.



L=}

Chapter 19 = i R~ —

REVIEW | RN

ENRICHMENT ACTIVITIES

Drescribe activities thar might damage soil siructure mulched with 1.5 tons per acre of hay? One acre
in I.Il'hlll'l w0l 1.'!'.|1.t:i|5- 15,‘&{:‘] -‘F'.|llil re .I-l,_-yt
Why might the existing county soil survey in 6. Distinguish modified soil from structured soil,

a new suburban area not accuraely describe
the soil in someone’s vard? Give several
specific examples.

7. A case study: Known for its pristine clear waters,
Lake Tahoe is beginning 1o sulfer from pollutants
running off development around the lake. A rule

Using Appendix 5, _iduntilg.' five trees you has been passed requiring zero runoff from proper-
might conclude which would make good urban ties in the Lake Tahoe watershed. Speculate as 1o
trees in highly disturbed sites. Explain courses of action that could be taken by various
VOUT Feasoning. PrOperty owners.
Dt:a:crlbc st bl I'._UF ]I:ITIIIIIT'IE Iihl" ﬂ[?l'bCIl.li.i_! of 8. A case study: In the soil survey of a park in New
sediment that leaves a new construction site. : 3 a

York described in this chapter, the surveyors
Assume that behind a new home is a slope 50 feet described several new series, One of them, the
long and <40 feer wide with a gradient of 10 percent. Greenbelt, has a soil profile listed as A (0=3 inchesh,
The home is in east central Minnesota, marked on Bw (3=13 inches), C1 (13=-27 inches), G2 (27-57
the map of Figure 18-13. The subsoil, ¢xposed inches), Ab (57-38 inches), Bwl (538-00 inclwes),
after grading, has a K value of 0.20. How much Create a story describing a possible history of this
topal s0il will be carried off this !ijupt" inan soil during historical times., See Appendix 4 for
average vear if il is left bare? How miach if it is horizon codes.

If any large-scale housing projects are being built nearby, visit them and identify erosion- and sediment-
control practices.

For study of urban soils from an ecological perspective, read an interesting series of studies on changing sail
conditions along an urban=rural rransect beginning in New York City and ending in ruril Connecticut. For
example, read McDonnel, M., et al. (1997), Ecosystem processes along an urban-rural gradient. Lrfan
Ecosystems, I, 21=306.

Browse the Internct for information about soil lead problems in vour state and how you get soil tested for lead.
Entering search terms such as “lead testing ™ should work.

For more detailed information about lead in gardens, iryv: shupy/wwwextensionumn.edu/distribution/
hoerticulture/ G254 3. himl>

The United States Geologic Survey has an Internet site on bioremediation at <htip/fwaterusgs. govwid hrmi/
bioremed. huml=.

For morne information on green roofs, go o the Internet at <htpySsowsegreenroofs.orgs or <hipdwww ier,
msuedu/greenront=,

Browse the Internet for construction sediment control systems such as straw watiles.

The L'SDA has a “Urban Soil Primer” at shtop:fsoilsasda, gov/use/urban/downloads/primer(sereen)pd = and a
series on urban soil BMPs m {I't['l.]‘.l.‘.—".-'r'w“'“‘.“‘!‘il'.n:l'-f."ﬁ.uhxi:l.j{n\'_:"i}h}(ll]{'l:-;."'ll.ql'!l;”:IL'H Psfwater.himl=.
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Agriculture Expari-
ment Station

Agriouliural Research
Service (ARS)

condervation
complianoe

Conservition

| Reserve Program

OBJECTIVES : (CRRY
Cantencation Secu-

After completing this chapter, you should be able to: Hiky Pregram [C5P}

Cooperative State

Research, Educa-

« describe il programs of these agencies [ tbon. and Extension
describe some of the soil progra q . A

« list federal agencies that assist soil users

Research yearly comes up with new methods that can help growers, but
FrOWETS CRrnol -\.|h':|1|:| much af their time in school |*_‘lll'i1il'l§; new methods.
Market forces pressure growers to change, not always in ways best for
the soil, As business people, growers must often put their money where
the financial return is best—which is not always for long-term benefit. A
number of programs support growers with technical assistance and have
information 1o answer guestions such as: How do growers keep up with
change? How can they afford soil improvements?

A network of agencies and regulations helps the grower in several wiays.
* Ecucation provices information on new and old methods

in the form of publications, workshops, and advice
(Figure 20-1).

* Technical assistance advises growers how to complete spe-
cific projects such as ireigation or grassed walerways,

* Financial assistance helps growers pay for projects.

* Research helps by creating new and better techniques.
Government programs opernle through a complex web of federal,
state, and local agencies. [n addition to the government, there are private

sources of information and help. We will concentrate here on governnwent
programs, especially those in the area of soil and water conservation,

TERMS TO KNOW

cost-sharing
Envicanmisntal
Cuality Incantives
Fragram (EQIP)
Farm Service Agancy
(E5A)
Matira] Assources
Canservation
Service (MRCS)
Soll and Water Con-
sorvation District
[SWCD
wWetland Reserve
Program [WRF)}




A South Carclina farmer recelves
assistance of an NRCS techni-
cian. (Courtesy of USDA, Natuwnal
Resources Conservalion Service)
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USDA AGENCIES

Help comes 1o growers and other soil users from many sources. One major source is
the United States Department of Agriculture (USDA), established in 1862, The USDA
includes several agencies that help farmers and others with soil and water management
as well as many other facets of agriculture. Many USDA programs work through state
or local groups.

Agricultural Research Service

The main research arm of the USDA is the Agricultural Research Service (ARS). Estab-
lished in 1953 o do basic and applied research in agriculture, the ARS docs a variety
of research; some with soils. For example, the ARS participated in the development of
the Universal Soil Loss Equation and Bevised Universal Soil Loss Equation.

Cooperative State Research, Education, anc

Extension Service

The Cooperative State Research, Education, and Extension Service [CSREES) merges
extension and research activities in CSREES programs at state Agriculture Experiment
Stations. Experiment Stations, and the CSREES programs housed in them, are located
at land-grant universities and are jointly funded by state and federal dollars,

Personnel funded by CSREES may have extension appointments, research appoint-
ments, teaching positions at the college, or some combination of the three, Some
positions are in soil science 5pr:{.'ificafi3', while others are in related agriculture areas.
Research positions, of course, conduct basic research in agriculiure.

The title CSREES expresses the three traditional functions of the land-grant univer-
sity agriculture departments: teaching, research, and extension. Extension positions
aim to provide information and assistance to a variety of audiences and to spread
information obtained by research at the Experiment Stations.

Many extension personnel act as county agents and serve the needs of people in
their home county. They may be helpful in a wide variety of subject areas. Others may
be specialists, either attached o counties or located at the Agriculture Experiment Sta-
tions. Examples could include nursery, greenhouse, or urban horticulture specialists.
Extension services publish informational bulletins, run workshops, and provide expert
advice that is specific to the state they serve.

Budger constraints in recent years have reduced the services offered by extension in
many states. For instance, many county extension offices have been closed, consoli-
dated into regional offices,

Farm Service Agency

The Farm Service Agency (FSA) administers and funds a number of agricultural pro-
grams, including some soil-conservation programs. Many FSA programs are admin-
istered at the state and local level by local growers in Soil and Water Conservation
Districts (SWCDs), described later in this chapter, In carrying out s programs,
the FSA utilizes the rechnical expertise of the Namral Resources Conservation
Service (NRCS)
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Matural Resources Conservation Service

The Matural Resources Conservation Service replaces the older Soil Conservation Ser-
vice, established by Congress in 1935 to carry out a national program of soil and water
conservation. The NRCS provides a variety of assistance, including technical support 1o
FSA programs, These inclucde:

aiding the FSA in establishing policies for FSA conservation programs.

conducting soil surveys in a joint effort with Agriculiure
Experiment Stations.,

helping city and county officials with land-use planning (Figure 20-2).

administering conservalion programs except those assigned to the FSA,

measuring winter snowpack on mountains in the West 1o predict the
amount of water available the following year.

providing technical assistance in resource-management issues such as
fish ancd wildlife habita, pasture, and range.

-

conducting a Mational Resources Inventory (NEDof the status and tremds
of the nation's soil and warer every five years. The NRIs serve as major
citabases for public land and water planning and are the source of many
statistics in this text

Soil and Water Conservation Districts

While net federal agencies, many USDA programs operate through Soil and Water Con-
servation Districts. Feeling that federal conservation programs should operate through
local authority, then-President Franklin Roosevelt proposed to all state governors in
1937 a model for creating Soil and Water Conservation Districts.

Almost all states now have such distriets. Generally, the boundaries of a SWCD follow
county boundaries. Each district is governed by locally elected or appointed boards of
growers or ranchers (Figure 20-3), The districts plan for and carcy out programs they
feel have a priority in their district, The actual role and dutics of the SWCD vary from
state to state, because they are state, not federal, agencies,

All districts have formal agreements with the U.S, Secretary of Agriculture to set up
programs. The secretary, in return, agrees to help the districts. Many districts have
MRCS soil scientists assigned to them for technical aid.

USDA CONSERVATION PROGRAMS

The National Resources Conservation Service and the Farm Service Agency, among
other duties, operate several programs aiming (o conserve the nation’s soil and water
respurces, These programs are authorized by periodic “Farm Bills™ of Congress, which
often carry ponderous titles like the 2002 Fars Secirity and Riral Investment Act. Pro-
grams described here were authorized or reauthorized by that 2002 farm bill. The 2002
farm bill, more than prior ones, stressed environmental gquality and increased efforts
on protecting working land. The 2007 farm bill was under consideration as this edi-
tion was being prepared, and some of the material below might change. For instance,

Figure 20-2

In Los Angeles, a NRCS Soll Con-
servationist discusses urban sall
tssues with a client. (Courtesy

of USOA, Natwral Resources
Condenation Service]
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SWCD board members meet in
Hidalgo County, Texas. Many
programs ang administered
1_hr|:|ugh county Soll and Watér
Conservatbon DHstricts, governed
by local elected boards. (Courtesy
af LADA, Natural Retources
Conservation Service)

Switchgrass inan lowa field. This
land was $£t adide in a CRP ease-
ment and planted 1o permanent
veQEeIation 1o prevent erashon
and provide wildiife habitae.
(Courresy of USDA, Narural
Resoerrces Conservation Servicel
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initial proposals promoted vse of Lind to produce “cellulosic alcohol"—production of
tuel alcohol from green vegetation feedstocks such as switchgrass (Figure 20—4) rather
than corn. This is m line with inceeasing stress on frms 1o produce energy 1o replace
fossil Fuels.

- L] -

Environmental Quality Incentives Program

Environmeantal Quality Incentives Program (EQIP), reauthorized by the 2002 Grm bill,
aims o protect private and tribal “working lands"—lands being actively managed
||!.' ErOwWers, I-ZQIH a \'{;l!|_||11'.|r]r progrinm administered |!r'ﬁ' FSA amnd MRS, |!!|1;|'|‘.|S HrOW=
crs in soil and water conservation efforts by providing money on a cost=share basis.
Cost-sharing means the USDA shares part of the cost for conservation efforts with a
grower and provides technical assistance, Growers can enter into 5- and 10-year agree-
ments with the USDA for technical, educational, and cost-share assistance. By the end
of 20006 there were 139 thousand active BEQIP contracts protecting over 80 million
acres of land in the United States.

Conservation Security Program

Ancther working-lands  program, Conservation Security Program (C5P) was first
authorized in the 2002 farm hill. A voluntary program opecited by the NRCS, it aims
tor identify and reward growers on private or tribal lands meeting high standards, of
conservation on their eperations and to create incentives for others (o do the same, A
variety of payments are offered o growers meeting various levels of conservation.

Conservation Reserve Program

The Conservation Reserve Program [CRP) was first authorized by the 1985 farm bill.
CRP purchases 10- to 15-year casements from growers, In exchange for payments,
growers plant the land o permanent cover such as native grasses (Figure 20-4) or
trecs on erodible or environmentally sensitive land. It is administered by the FSA
and NRCS.

Ao 3% million acres of land are enrolled in CRP. The USDA estimates that CRP
land experiences an average reduction in soil loss of 19 wons per acre per year, and
much of the national reduction in erosion in recent years has been attribured o CRE
CRP also creates greatly improved habitat for pheasant, duck, and other wildlife, sois
widely supported by wildlife and hunting groups.

An accompanying progrum, the Conservation Reserve Enhancement Progriom (CREF),
like the CRP itself, protects land by means of easements. The CREP, however, is o
partnership between the USDA and state, tribal, county, or ¢ven privale dgencies (o
create Iocal programs addressing specific concerns of the host state. Many states host
CREP programs,

Wetland Reserve Program

The Wetland Reserve Program (WRP) functions like the CRE, except is designed o
protect wetlands (Figure 20-3). Chapter 7 discussed wetland values that motivate such
a program. Most important, these include wildlife habitag, as well as contributions 1o
water gquality, Mood contral, groundwater recharge, and other wetland functions. The
WRIFis a joint progeam of the NRCS, FSA, and the federal Fish and Wildlite Service and
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A wirtland restoration projact
in Virginia on land enrolled in
the Wetland Reserve Program.
(Cowrtesy of USDA, Natural
Retources Conservalion Sanvdce)
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state agencies. I invalves 10-year wetland restoration cost-sharing as well as 30-yvear or
permanent easements. About a million acres are enrolled in the WRE,

Conservation Compliance Programs

Conservation compliance, sometimes called “Sodbuster,” requires growers to take
certain conservation measures o reman cligible for federal price-support programs.
For instance, growers are asked to submit and execute soil erosion-control plans for
certain highly erodible lands. According to the NRCS, during the decade 1985-1995,
1.7 million such plans were developed and implemented on 143 million acres of highly
eradible land.

Wetlands in agriculiural land may also be protected by “Swampbuster™ provisions of
the Farm Bill. These provisions deny eligibility for other USDA Programs (o growers
whe drain and farm certain wetlands.

Clean Water Act

Unlike the programs above, this act is not primarily administered by the USDA, but
it docs affect soil users, Section 404 of the Clean Water Act protects many of the
nation’s wetlands by requiring permits 1o discharge dredged or fill materials in wet-
lands, streams, rivers, and other waters of the United States. Most activities of growers
are exempt from Section 404 permitting, including maintenance of existing drainage
structures or cultivation of “prior converted croplands,” However, conversion of wet-
lands to new use, such as crop cultivation, filling for parking lots, or other develop-
ment usually requires a permit. Permits usually call for applicants to minimize impacts
on or replace alfected wetlands,
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The LS, Army Corps of Engineers is the lead agency enforcing Section 404 and
issuing permits, with strong involvement by the Environmental Protection Agency. The
Matural Resources Conservation Service and ULS. Fish and Wildlife Service also have
input into Section 404 policies and activities. However, edarly in 2001 the U.5. Supreme
Court removed Corps jurisdiction over certain wetlands that lie away from what are
known as “navigable waters” and was again being challenged at the Supreme Court
while this edition was under preparation.

The 1972 Clean Water Act also regulates possible pollutant discharges through its
Mational Pollution Discharge Elimination System, which includes, as described in ear-
lier chapters, control of manures from certain Confined Animal Feeding Operations
and sediments from construction sites.

T

STATE AND LOCAL EFFORTS

In addition to federal programs, states and localities also have laws and programs.
Foremost of these, of course, are the Soil and Water Districts, Agriculiural Experi-
ment Stations, and Extension Services. Obviously, this text cannot list all the state and
local efforts.

One example is the Reinvest in Minnesota program, or RIM, enjoyed by citizens and
sportsmen of Minnesota, Enrolled land is planted o wildlife cover, especially 1o native
vegetation. Wetlands have also been restored. RIM is administered through the 5oil
and Water Conservation Districts. The intent is to protect erodible land and water qual-
ity, and to promote wildlife habitart,

Many local and state laws involve controlling land use, such as zoning laws. For
instance, many outer suburban dreas limit how far land can be subdivided. To save
farmland, many states have “green acre” laws, which give tax breaks to land in devel-
oping arcas kept as farmland. Some of these and other efforts aim o slow the loss of
farmland o urban use.

SUMMARY |

Several groups assist growers with education, technical
help, financial assistance, and research. Many of these
groups are part of the United States Department

of Agriculture.

Agricultural research is carried out by the
Agriculture Research Service. The Cooperative
State Research, Education, and Extension Service,
attached to State Agriculture Experiment Stations,
conducts research and provides education through
extension services,

The Farm Service Agency conducts a number of
funding programs, as well as administering the
Environmental Quality Incentives and the Conservation
Reserve Programs. The former supplies cost-sharing
for conservation activities, while the latter purs highly
erodible land into 10-year easements.

The Matural Resources Conservation Service adminis-
ters several other conservation programs and provides a
wide range of rechnical assistance in conservation.

Many federal conservation programs operate through
Sail and Water Conservation Districts, state funded and
administered by local grower commitioes.

While CRP and many other progranis are mlunlnry.
several other laws require some protection of our soil
and water resources, These include Section 404 and
swampbuster provisions to protect wetlands, sodbuster
provisions to keep uncultivated highly erodible land
from being plowed, and conservation compliance mea-
aures o increase the number of soil-conservation proj-
ects undertaken on farms. These programs are largely
responsible for erosion and wetland loss reductions
over the past decade, as noted in earlier chapters.
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REVIEW

1. Discuss the National Resource Inventories. Find at
least three examples of data in this book supplied
by the NRIs. (Hint: look at the caprions of various
charts in the text that are included o give a picture
of soil use and conditions in the United States) A
search of the Internet finds more information,

2. The informal terms for a couple of conservation
programs involve the use of the word “buster.”
What are those programs and what do they do?

3. What is the CRP? What are its benefits? What per-
centage of U.S. nonpublic land is under CRP (see a
chart in Chapter 1.

ENRICHMENT ACTIVITIES

.

Discuss the cooperation between federal, state, and
local agencies that is part of soil and water consers
vation cfforts, Give examples,

Who in the agencies and programs described here
performs agricultural science research? How are the
results commumnicated to the community?

As the author was revising this chapter, a letter o
the editor in the local newspaper observed that
lots of land set aside in federal proprioms could
be planted to corn for producing fucl aleohol.
What might be consequences of this (or

soil conservation?

1.  WVisit vour local FSA, SWCD, or NRCS office. Often these are housed together. Find out what local projects they
are involved in. Or invite a guest speaker from one of these to your class.

L]

Tour the content of the USDA and the NRCS on the Internet through their homepages at <htip:dswwasda.gove

and <hitp:/www.nrcs.usda.gove, respectively. Through the NRCS page vou can find information about conser-
vation programs in the 2007 Farm Bill. Also the official criteria for conservation practices by pressing “Technical
Resources,” then “Conservation Practices.” Write a short report on what you find.

3. Research history of the CRP on the Internet.

4. Information on the Wetland Reserve Program is at <http:fwawwonres usda. gov/programs/wrp'>. Look at the “fact
sheet,” and the fact sheet for your state, for basic information about the program. Write a short report about the

program, with emphasis on your state.

5. Search the Internct for your state’s CREFP program. Entering your state’s name followed by Conservation Reserve

Enhancement Program into the Web browser should do i,



ATOMS AND ELEMENTS

Efements are the building blocks of all matter. Examples of the 109 known

ach element 15 assigned a sym-
bol made of a letter or letters from the English or Latin word for the ele-
ment, For example, oxygen is "0." carbon is 7C," and iron 15 "Fe” from the

elements include oxygen, carbon, and iron. E

Latin “ferrous.™

The smallest unit of an element is the atom. While modern models of
the atom are more complex, a simple picture of the atom, called the Bohr
madel, helps us understand how chemical Processes. ooour in the sodil.
Atoms are made of three particles: a negatively charged efeciron, a positively
charged profon, and @ neutral rewtron. According to the Bohr model, pro-
ons and newtrons inhabit a ruclens, and electrons circle the nucleus like
planets orbiting the sun, as in Figure A-1. These electrons occupy “orbit-
als.” each of which will hold a certain number of electrons,

The simplest element is lydrogen, which is composed of a single proton
and electron, occupying the innermost orbital. Elements get successively
heavier and more complex 45 more protons, neutrons, clectrons, and elec-
tron orbits are added. Oxygen, for instance, has eight of each particle and
electrons occupy two orbitals. The total weight of all the protons, neutrons,
and electrons in an atom of an element is its atomic weight, Electrons have
ible mass, so the atomic weight of oxvgen, with eight protons anc
cight neutrons, is about sixteen.

COMPOUNDS

Atoms combine 1o form mofecifes. A molecule is symbolized by writing
the atomic symbels of each element in the molecule; a number in the form
of 2 subscript indicates how many atoms of each element are present in
the molecule, Thus, water, or HLO, 65 a molecule with two atoms of hydoo-
gen combined with one atom of oxygen.

Electron —{&

Nucleus —

Orbwt ol ———
aleciron

:'.._'||.!r|,' A=

Hydrogen atam.
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- Hydrogen
Chemical Bond
+ Hydrogen
Water mobecube. In many
mdecubes, chemical bonds result
Wair Molwoue: (et from sharing of electrons,

One way for molecules to form is for atoms to join by sharing electrons, as shown
for the water molecule in Figure A-2. This sharing fills the outer orbital of the oxygen
atom, which can hold eight electrons. A filled outer orbital is more stable than a par-
tially filled one, so oxygen is “eager” to react in ways that will fill that outer orbital.
This is one way to form a chemical bond between two atoms. There are others.

A collection of like molecules is a compoisd, as in the compound water. Silicon dioxide,
or 5i0;, is a compound containing two oxygen atoms attached to a silicon atom. Silicon
dioxide is the mineral quartz, the major component of sand and one of carth’s most
common minerals. Pure solid compounds of the earih's crust, like quartz, are called
minerals. Rocks are mixtures of minerals. Granite, for instance, consists of the minerals
feldspar, quartz, and others,

ORGANIC COMPOUNDS

The common minerals are inorganic, distinguishing them from a special class of com-
pounds that are labeled organic. Organic compounds all contain carbon and hydrogen,
and most have oxygen, sulfur, nitrogen, or other elements. Organic compounds are the
stuff of life; all life is made of them. When this text refers to organic matter, it refers
to organic compounds in the soil, all of which come from living creatures and plants.
However, humans also synthesize a variety of organic compounds.

IONS

A normal atom or molecule has an equal number of electrons and protons; their charges
balance and the net charge is zero. Sometimes an imbalance oceurs, and the resulting
atoms or molecules are called lons. For instance, when salt (NaCl) dissolves in water,
the molecule breaks apart into sodium ions that are short one electron and chlorine
ions with an extra electron. Thus, each sodium jon carries a positive charge, while
chlorine fons have a negative charge:
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NaCl — Na* -+ C|
salt — sodium cations + chlorine anions

solid salt — salt in solution

Fositively charged ions are called cations, negatively charged ones anions. A selution
results when compounds disassociate in water with ions dissolved in i,

The hydrogen ion, H*, is a special case. Having lost its sole electron, the hydrogen
ion, in one form, is simply a single proton. Its presence has a potent effect on many
biological and nonbiclogical systems, including the acidity of soil. This is discussed
in Chapter 11.

MOLES

A mole is a unit of measurement, a way of expressing the number of something: num-
bers of atoms, numbers of molecules, or numbers of charges. A mole of something is
(.02 = 10*, otherwise known as Avogadro's number. For those not familiar with scien-
tific notation, that is 6.02 followed by 23 zeros, A mole of hydrogen atoms is G.02 x 105
atoms. A mole of charges in a solution of calcium ions (Ca*® is half that because each
calcium fon has two charges. A unit used in this wext is centimoles of charges; in the
metric system, a centimole means 1/100 of a mole.

The concept of moles gives rise to two other measurements, Molar mass is the weight
of one mole of some substance, whether it be a pure element or compound. The molar
mass is simply the atomic weight or molecular weight of the substance in grams. 5o the
molar mass of water, with a molecular weight of about 18, is 18 grams. A unit of con-
centration in a solution is molar concentration, or the number of moles of something
in a liter of a solution.

CHEMICAL AND PHYSICAL REACTIONS

Two types of reactions are important in soils: chemical reactions and pbysical reqc-
tions. Chemical reactions invalve the actual rearrangement of atoms to form new mol-
ecules and compounds, as in the reaction of hydrogen and oxygen to form water,
shown in equation (). The reaction, as written, statés that two hydrogen molecules (in
the natural environment, hydrogen and oxygen come as (wo-atom molecules) combine
with one oxygen molecule to form two molecules of warter,

fa) 2H,+0,— 2H,0

(b}  H,O (liquid) — H,O (solid ice)

In physical reactions, the physical form but not the chemical form changes, as in the
freezing of water in reaction (&) or the disintegration of rock by physical forces Both
physical and chemical weathering contribute to soil formation,
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Chemical reaction equilibeia as represented by movernent of people in a room, [A) Reaction in equilirium,
people move back and forth but the balance remains the samae, (B} Equilibrium is disturbed by peaple leaving
roam to right. Reaction shifts to right to compensate for change. (C) Equilibrium is disturbed by people entes-
ing room from left. Reaction again shifis o right.

Reaction (@) suggests that a chemical reaction is a one-way process. In actuality, all
reactions go in both directions at once but will favor one side of the reaction or the
other. One might compare a réaction to a room full of people. Assume that 10 people
are in a room, and they are asked to go to one side of the room or the other. People
that go to the left side are A people, those that go o the right are 8 people. In this
“reaction,” assume seven people go to the left, and three go w the right. We could
write this “reaction” as:

A - &
{7 people) (3 people)

In a real reaction, the people do not stop; a few continue to walk back and forth across
the room, but the numbers of people will continue to balance out 1o 7:3 (see A in Figure
A-3). This balance is called the eguilibrinm of the reaction and is constant for a given
reaction at a given condition.

If the conditions of a reaction change, the equilibrium shifts 1o ry 1o achieve a new
balance. Say that in the room full of people, two of the three people on the right side
of the room leave aliogether. To achieve a new equilibrium, the reaction will shift to
the right—that is, more people will walk to the right side of the room than back o the
left until a new balance is achieved (see 8B in Figure A=3). On the other hand, if a group
of people enters the room on the left, the room is “unbalanced® and the “reaction”
again shifts o the right to achieve a new equilibrium (see © in Figure A-3),

This shifting equilibrium that occurs when the amount of a material on ene side of a
chemical equation changes we will here call “mass action.” The equilibrium shift—say
moving the reaction to the lefi—always works in a direction that reduces the original
change. Those of you with knowledge of chemistry recognize this as Le Chatelier's
Principle: if the conditions of an equilibrium change, equilibrium shifts 1o minimize
the change, This process is important, because it governs chemical processes in the
soil, including many related 1o farming activities such as soil liming or fertilization.

OXIDATION-REDUCTION REACTIONS

A very important type of reaction in the soil is the oxidation=reduction reaction,
Technically, an oxidation occurs when an clement loses an electron in a reaction
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toxidation), and some other element gains that electron (reduction), The i
{the “loser™} is said to be oxidized and the electron aceeptor (the _E':ninw‘f)t.cnur_'l donor
reduced. An important reduction reaction in the soil is the conversion of fl.s s_:nq bt
ferrous iron under low-oxygen conditions: Sk Yot

Fe'* — Fe"?
ferric iron, oxidized iron — ferrous iron, reduced iron

Oxidized iron (ferric), found in aerated soils and colored red to yellow, gains an
electron and is reduced to the gray-blue ferrous form. The gray color is a strong indica-
tor of a soil that is usually 1wo wet.

If in the preceding reaction ferric iron acted as an electron acceptor (was reduced),
then what gave up that electron or was an electron donor (was oxidized)? The answer
was carbon in organic matter, which gave up electrons during the decay process. Or-
dinarily, in well-acrated soil, oxygen is the most powerful electron acceptor, and acro-
bic decay is the oxidation of organic matter by microorganisms using oxygen as the
electiron acceplor.

In soils with little or no oxygen, organisms may use other electron acceptors, like
ferric iron,

Most oxidation reactions invelve oxygen, henece the term oxidation. Often in the soil,
axidations invelve addition of oxygen 10 a molecule, sometimes with loss of hydrogen.
For instance, soil methane (CH,) in the presence of oxygen is oxidized by certain soil
hacteria o carbon dioxide (CO,) Often reduction invalves addition of hydrogen to a
maolecule, for instance, reduction of gaseous nitrogen (N} in the atmosphere o the
ammenium molecule (NH,*) by other bacteria in root nodules on legumes, Both reac-
rions are discussed in the wext.

Very important oxidized forms of elements in the soil include carbon (€0, carbon
dioxide or CO,”, carbonate fon), nitrogen (NO,", nitrte ion), sulfur (50,7, sulfate ion),
and iron (Fe,0,, ferric oxide). Reduced forms include reduced nitrogen as the anmo-
nium fon (NH,*), and reduced carbon as methane (CH,), and organic matter.

ACIDS, BASES, AND SALTS

Certain chemieals in nature, and in the soil, behave as acids or bases, Acids, when they
dissolve in water, release hydrogen ions, which are simply protons. These reactions are
reversible, but how reversible depends on the substance. So, for example:

HCl — H*+CI”

This acid, hydrochloric acid, is a streng acid because it dissociates almost completely
to hydrogen and chloride ions. To say that a solution is highly acidic is w say that it
contains many hydrogen ions.

A base is a substance that combines with hydrogen ions, a substance which neutralizes
an acid. In the reaction above, chlorine could act as 3 base, because it might

combine with the hydrogen ion to create hydrochloric acid again. However, chlorine has
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little tendency to do so, and so s a very weak base. We could say that when an acid
dissolves, it produces a hydrogen ion and a base, which is the anion in the original acid.

Wealk acids dissociate only partially, creating solutions which are equilibrium
mixtures of the acid, hyvdrogen ions, and the associated base anion, In 501l science,
such an acid is carbonic acid:

H,CO, « H™ + HCO,

In this reversible reaction carbonic acid partially dissociates to a hydrogen ion and the
base ion, bicarbonate, It is carbonic acid that gives soda pop its tang. Because carbonic
acid is a weak acid, solutions of it are not as acidic as a solution of a strong acid like
hydrochloric acid,

Bicarbonate here is a base. It readily reacts with hydrogen ions to recrcate the car-
bonic acid, reversing the above reaction, Commeon baking soda, sodivm bicarbonate,
can be taken as an “antacid” to neutralize stomach acids during indigestion, and the
bicarbonate that is dissolved in hard water can dramatically reduce the acidity of soils
in potted plants, Every time one irrigates with hard water, one adds bicarbonate to the
soil, driving the equilibrium to the left in the above reaction, and removing hydrogen
ions from the soil solution.

An example of a strong base is lye (sodium hydroxide), which libermes hvdroxide
ions (OH ), a very strong base:

MaOH — MNa® + OH
Hydroxide can combine with hyvdrogen ions to form water. It can neutralize acids:
H” +QOH — H,0

One definition of a base is a substance that releases hydroxide ions, the most common
strong base. In discussing pH in the rext, we use that definition and state that basic
solutions have high hydroxide concentrations. But this does not cover all possible
bases, like bicarbonate,

A product of the reaction of a base and an acid is a salr. For example, if one reacts
Iye with hydrochloric acid, common table salt results:

HCl + MaOH — NaCl + H,0

Many soils contain salis, and most common fertilizers are salis,

ENERGY

Both chemical and physical reactions in the soil depend on encrgy. Energy is simply the
capacity to do work or produce heat. The greater the energy, the more work that can be
done. An understanding of energy is impertant because everyrthing that happens in the
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sail—the “work” of soil and plants—is fueled by energy. Energy comes in many form
such as heat, electricity, light, and motion. The following forms are impertant 1o soil, o

= Light energy is energy contained in sunlight. Plants use that energy for
photosynthesis, which creates organic matter for the soil,

= Chemical energy is energy contained in a chemical bond. During photosyn.
thesis, plants convert energy in sunlight o energy in chemical bonds. This
chemical energy is “stored” for later use by the plant or animals that eat i,

* Potential energy is stored energy, such as the energy stored in an object
that can Fall. The energy is released when the object does fall, such as
racks falling off a liff, water falling over a dam, or rain falling from the
sky. Chemical energy Is also a form of potential energy. We express the
energy of water in the soil as potential encrgy.

« Kinelfe exergy is the energy of a moving object. Soil erosion by wind and
water is a result of motion energy. The amount of energy in a moving
object is a function of its mass (m) times velocity (¢) squared, according
to the following formula:

Energy = 3 mv?

Thus, rapidly moving water can do more work than slowly moving water. The equation
says, for instance, that if the velocity of running water doubles, it can do four times as
much work (two squared) or cause four times as much erosion.

To understand chemical and physical reactions in the seil, it is important to know
two rules. First, energy can change forms. For instance, sunlight energy can change
to heat energy when it strikes a pavement—a fact one can become painfully aware of
when walking to the beach barefoot on a sunny day. In the process of transformation,
no energy can be either lost to the universe or created. This is the law of conservation
of energy, also known as the First Law of Thermodynamics,

Second, matler tries to achicve the lowest possible energy state. An electrical-generating
dam is a good example. Water at high elevation behind the dam is in a high stare
of energy—it has a lot of potential energy. By flowing downhill through or over the
dam, that potential energy is released 1o energy of motion. When the water reaches
the lower level, it is now at a lower elevation and in a lower-energy state. In the pro-
cess, the “lost” potential energy was converted to motion. That motion energy can, in
turn, be changed to clectrical energy when it does the work of turning the turbines in
the generating plant. Notice that while water has lost energy, it has not been lost to
the universe, but simply converted to other forms. This second rule is a version of the
Second Law of Thermodynamics.

These two rules of energy control all the physical and chemical reactions in the
sail. They are especially important to the behavior of water in the soil (Chapter 6) and
erosion (Chapter 18},

Gradients

One result of the tendency for lower-energy states is the concept of gradiens, which
controls the movement of materials and energy in the soil. A gradient is a change of
something over distance. The simplest gradient to understand is a slope, or hill, which
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is an elevation gradient. A cyclist on top of a hill can coast down the hill without ped-
aling, because he or she is moving 10 3 lower-energy stme. To go up the hill, however,
is to go to a higher energy state. To do that, the cyelist must feed in energy—which is
o say, pedal the bike.

The preceding example presents a rule about gradients—that mopement down G gri-
dient occurs without gffort, while movement up a gradiend reguives an gl of energy.

Many gradients exist in nature. A spoon in a hot cup of coffee creates a emperature
gradient. Heat will flow naturally from the hot end in the cup w the cool end where
vou hold it. Water will move in the soil from where it is moist to where it is dry (mois-
ture gradient), Vapors from an opened perfume bottle will scent an entire room as they
move from where they are concentrated near the bottle to where they are less con-
centrated (this is called diffusion along a concentrtion graclient), A similar diffusion
through soil water moves soil nutrients toward plant roots.

Gradients vary in how steep they are. A hill with a large change in clevation over a
short distance is steep; the same change of elevation over a longer distance is a more
shallow gradient. Movement is quicker on stecper gradients. Hear will be lost more
quickly in 2 house with d-inch thick wall than one with G-inch walls, and hear will be
lost more quickly the colder the temperature outsice.

Remember that normal movement is down a gradient—Ffrom where there s more of
something, like heat, water, or clevation, to where there is less. The opposite move-
ment requires an input of energy—which is the same as saying, it takes work, Water
flows downhill spontaneously, but it has to be pumped to make it go uphill.

CLIMATE CHANGE

This text makes many references to global climate change. Climate change results from
rising temperature in the astmosphere; as atmosphere is global, so is climate change.
The increase in heat results from increasing concentrations of gases in the atmosphere,
called greenbowse gases, that prevent heat from escaping into outer space.

The earth is warmed by radiant energy GGunlight) that reaches carth from the sun.
Most radiant energy emitted by the sun is in visible wavelengths of light (Figure A-4),
The atmosphere is largely transparent to visible Light; that is, gases in the atmosphere
do not block most visible light. That energy warms the earth,

All objects emit light energy, including the reader. The wavelength of light emitted
by an object depends on its temperature, The temperature of the earth is such that
it emits radiation in wavelengths longer than visible light, around the infrared range
(Figure A=), That radiant energy mostly escapes back into outer space, cooling the
planet. The temperature of the earth remains stable over time if incoming energy from
the sun is balanced by outpoing radiation,

Greenhouse gases in the atmosphere, while transparent to visible light, Block the
oulgoing longer-wave radiation of the carth. These greenhouses gases include weak
ones such as water vapor, strong ones such as carbon dioxide, and even stronger ones
such as methane, These are naturally occurring, amd the earth would be much colder
than it is if they were not in the atmosphere,

Climate change is occurring because we inject greenhouse gases into the atmosphere
by burning fossil fuels, destroying and burning forests (1 large reservoir of carbon),
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and numerous other activities. Before the industrial revolution, the atmosphere con-
tained about 280 parts per million {(ppm) carbon dioxide; as of 2000, the amount hac
risen to 370 ppm, and is bound to rise higher in the future.

This text takes up the opic of climate change because soil interacts with the atmo-
sphere in ways that increase or decrease atmospheric concentration of those gases. Soil
can be manageed in ways that speed or slow climate change.

Predicted results of climate change include rising average global temperatures. This
does mean in all locations every day. Today's temperatures are weather, a short-time
event, Climate is long term. One should not be confused by short-term weather events
such as a cold spell into thinking climate change is not occurring.

Climate is also predicted to become more erratic, with greater frequency of severe
weather events such as extreme storms with high-intensity rainfall, severe and prolonged
droughts, or longer and hotter heat waves. Extreme weather events are becoming
ordinary, with a resulting increased frequency of related events such as forest fires
and floods,

If soil can affect climate, these climatic changes will, in turn, affect soils. For
instance, regions that experience more powerful rainfalls will see more soil erosion,
Because climate is one of the soil-formation factors (Chapter 2, soils will slowly change
over time.

The current state of knowledge about climate change was published in Climare
Change 2007 by the Intergovernmental Panel on Climate Change (IPCC) It can
be accessed online at <httpfwww.ipcc.ch/= That report includes contributions of
agriculture to climate change and its possible role in its mitigation. Later editions of
this report will emerge during the life of this edition,
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Soil Horizon
Symbol Suffixes

These lowercase letters are used as suffixes to label certain types of master
horizons. One or more suffix may follow a master horizon designation—
such as Bky—which indicates a B horizon that has accumulated both car-
bonates (k) and gypsum (y). The main symbaols are shown as follows.

a Highly decomposed (sapric) organic material. This suffix is used with
the O horizon.

b Buried horizon. Such a soil layer is an old mineral horizon buried by
sedimentation or ether processes.

¢ Concretions or hard nodules. A nodule or concretion is a hard "pocket™
of =0il cemented by iron or other substance.

d Physical root restriction, either man-made or a naturally dense layer that
roots can enter only through fractures.

¢ Moderately decomposed (hemic) organic material. Used with the O horizon.

f Frozen =soil. A horizon, usually the €, that contains permanent
ice (permafrost).

g Strong gleying. Such a horizon is gray and mottled, the color of reduced
(nonoxidized) iron, resulting from saturated conditions.

h [Huvial accumulation of organic matter. The symbol is used with the B
horizon to show that complexes of humus and sesquioxides have washed
inta the horizon. Includes only small quantities of sesquioxides, My
show dark staining.

i Slightly decomposed (fibric) organic maner. Used with the O horizon.

k Accumulation of carbonates (CO;), Indicates accumulation of calcium
carbronate (lime) or other carbonates in the B or © horizons.

m Cementation. The svmbol indicates a soil horizon that has been
cemented hard by carbonaies, pypsum, or other material, A second
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suffix indicates the cementing agent, such as “k" for carbonates. This is a hardpan
horizon; roots penetrate only through cracks.

n Accumulation of sodium. Indicates a high accumulation of exchangeable sodium, as
in a sodic soil.

a Accumulation of sesquioxide clays after intense weathering,

p Plowing or other human disturbance. Horzon was heavily disturbed by plowing,
cultivation, pasturing, or other activity. Applies to O and A horizons.

q Accumulation of silica (S1C,).

r Weathered or soft bedrock. Used with C horizon to indicate bedrock that can be dug
with space that roots can enter through cracks.

s Hluvial accumulation of both sesquioxides and organic matter. Both the organic mat-
rer and sesquioxide components of humus-sesguioxide complexes are important.

t Accumulation of silicate clays. Clay may have formed in horizon or moved into it by

illuviation, usually as coatings on ped faces. Mostly used in B horizon, sometimes in C.

v Plinthite. An iron-rich, humus-poor material common to tropical soils that hardens
when exposed 1o air. B and C horizons,

w Development of color or structure. The symbol indicares that a B horizon has
developed enough to show some color or structure but not enough to show illuvial

accumulation of materal.

x Fragipan or other noncemented natural hardpans. These are horizons that are firm,
rrittle, or have high bulk densities from natural processes,

v Accumulation of gypsum (CaS0,) in B or C.

z Accumulation of salts more seluble than gypsum in B or C.
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Land Evaluation

Land meay he evalumied for 2 number of [TETE such as .:.'ui1:_||1i|.i11_.-' for romw
crops, home landscapes, or building sites. Such evaluations might be done
by soil scientists, land planners, landscape designers, or even students
engaged in a soil-judging contest. While land evaluation purposes and
methods vary between regions of the country, this appendix suggests some
simple and general soil features to use when evaluating a soil.

DEFINITION OF TERMS
AND CRITERIA

.
Suitability

Land can be said 1o be good, fair, or poor for any use. The same terms can
also be applied to a particular feature of the land, such as slope or soil ex-
ture. Looking at the chart that follows, for cach land use there is a series of
criteria listed on the same line 1o the right.

Each can be rated, and the “total” used 1o rate the land:

= Good land is well suited to the use being considered. There
are no serous limititions or hazacds, Ratings for each eriteria
are good, or perhaps a couple are fir.

Fair land is suitable for the use if a few limicitions are cor-
rected, Several of the features are rated as fair

Poor land is unsuitable for the vse, or corrections are (oo
expensive 1o be practical, Even one or two severe limitations
may be enough to gain this rating, or o large number of

“fair” descriptions.



Land Evaluation

Slope

Slope is expressed as a percent. For instance, a slope of 2 percent sugpests a 2 foot
change of elevation over a 100 foot horizontal distance. Figure 3-8 gives some slope
ranges that may help imerpret these numbers. Changing slope would involve expen-
sivee earth moving.

T
Soil Texture

Chapter 4 describes how to determine a soil texture. The textural class groupings used
in this chart are grouped as follows:

Group Textural Classes

Fime sandy clay, silty clay, clay

Moderately fine sandy clay loam, silty clay loam, clay loam
Medium sily, silt loam, loam

Moderately coarse sandy loam

Coarse sand, loamy sand

Except for small areas, such as a garden, texture cannot be changed practically.

Flooding

Flooding concerns how often or how long the land is actually covered with water
during the season. Such floeding could be due to stream flooding, heavy rains, or
snowmelt. Flooding may be able to be corrected, in some small areas, by earth moving
to change drainage patterns. In many cases, only large-scale projects such as the con-
struction of levees can solve these problems.

Internal Drainage

Internal drainage can be determined from Figure 4=20. Many cases of poor drainage

improved by irrigation.

Depth to Restrictive Layer

Restrictive layers can interfere with rooting depth and plant anchorage, roadbeds, foun-
dations, and home drain felds. Such layers could be bedrock, soil pans, water tables,
or others. Some can be corrected, such as ripping a soil pan, while bedrock cannot be
altercd easily,

Available Water for Plants

The available water is here rated as the number of inches of water held in the op
5 feet of soil. Because most soils will contain layers, one will have o add the
capacity of each layer down 1o 5 feet. Figure 9=23 rates the water retention of soil tex-
tures. Here, a capacity greater than 9 inches for 5 feet is good, 6 to @ inches is Fair, and
less than 6 inches is poor. Foor capacity can be alleviated by irrigation, where practical
and acceptable.
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Erodibility
Ercdibility is related o slope, texiure, and other fctors discussed in Chapter 18,
Classes are as follows:

= Slight means that under average conditions theee is little chance of exces-
sive erosion. Slopes are gentle and short, internal drainage is good, Wind
erosion is unlikely.

= Moderate could occur on medium- or fine-textured soil on gentle slopes
over 300 feet long, or shorter mederate slopes. Wind erosion is possible
due 10 texture or lack of cover.

= Severe erodibility occurs on slopes over 12 percent, or arcas that experi-
ence teaches are quite erodible.

The Erosion Index described in Chapter 18 could be used to infer erodililioy.

Other Features

Other features may also limit a soil for certain uses. Examples are stoniness, soil pH,
soil Tertility, or salinity. Some of these can be improved easily, such as Linving agricul-
tural soil to mise pH. On the other hand, improving soil fertility is more difficult for
forest uses,

L] -
Site Inspection

Much of the information needed for this evaluation can be obtained from pulblished
soil surveys, As a lab exercise for students, a soil pit should be dug to allow examina-
tion of the soil profile.

Select an area of uniform character, preferably a single mapping unit on a soil map.
Dig a pit measuring 3 feet X 3 feet at the surface, and about 30 feet deep, Oricnt the
pit 20 that the sun shines on the side to be observed. That side should be vertical; the
other side can be sloping to save digging.

Some of the information needed can be discovered from examining the pit. Other
information, like a slope, can be obiained from the surroundings. The instructor will
need to provide such information as flooding.

As the student examines each feature, he or she should circle the best description
an the chart included in this appendix. Then consider how important the feature is,
or how easily it can be corrected. Finally, come up with an overall rating, as described
earlier in this appendix.

This appendix is adapted from the University of Minnesota Ag. Extension Service En-
vironmental Education Activity Sheet =1, “Selecting Suitable Uses for Land,” by Clifron
F. Halsey.
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| APPENDIX 5

|
| Abies balsarnea

A concolor
: Acer ginnala
{ A, campesire
| A negundo
i A. palmatum
; A. platanaides
A rubrum
A, saccharinum
A. saecharum
Aesculus globro
Alnus glutingsa
Amelanchier sp.

Berula nigra

g
Som

Balsam fir
White fir

Amur maple
Hedge maple
Eox elder
Japanese maple
Norway maple
Red maple
Silver maple
Sugar maple
Ohio buckeye
Eurapean alder
Serviceberries
River birch

Preferred Soil
Characteristics for
Selected Trees

The fellowing table suggests soil preferences for a number of trees, The
information is gathered from a number of sources, including the author’s
own experience. No information was found for blank entries. These are
only general guidelines, and in fact, there is often disagreement between
experts. Please keep in mind that a particular plant variety, growing in a
particular location, may differ from suggestions in this able,

cM 4.0-6.5 I 2=4 b
M 4.0-6.5 5 3-5 |
CMF 4.0-7.5 I 3-5 I
CMF 5.0-7.5 R 3=5 I
MF F0-75 R 2-5 I
CMF 3.0-6.5 5 4-5 |
MF aAl=75 I 3-5 I
CMF 4.5-6.5 5 2-4 5
CMF 5.5-6.5 R 2-5 I
MF 6.0-7.0 5 3-4 5
CMF 6.0-7.0 | 3-5 I
MF 2070 | 1=5 |
M 6.0=-7.0 4-5 5
CMF 4.0-6.5 R 2-4 I



il i & Preferred Sail Charar_t_erﬂcs for Selected Trees

Botanical Commaon
hame Name Taxt pH Comp Beatin
B, papyrifera Paper birch M 5.0-7.0 5 2d |
Catalpa speciosa Emstern catalpa CMF 6.0-8.0 ] 3.5 |
| Codrut atlantica Blue atlas cedar CMF 5.0=7.0 5 3.5 I
{ C. deadora Deador cedar CMF 5.0-7.0 | 3.5
Celtis occidentalls Commion CMF B.0=-8.5 | 5.8 i
hackberry
Cercigiphylium Katsura tree M 5.0-7.0 5 3-4 5
JRpEONACLT
Cercis canadensis Eastern redbud CMF 65.0-8.0 | 3-4 5
Cormus alternifolia Pagoda dogwood M 6.0-7.5 | 3-4 |
C. Morida Flawering CMF 5.0-6.5 5 3-4 5
dogwood
C. kousa Kousa dogwood M 4.5-5.5 5 4-5 5
Crataegus 5p. Hawthorns CMF 5.5-75 | -6 |
X Cupressocyparis Leyland cypress CMF 5.0-7.5 I 4-5 A
lewlarndii
Digspyros virginiana  Persimmon CMF 5.5-7.0 I -5 I
| Eleagnus angustifelfa  Russian olive CMF 5.0-8.0 I 3-6 3
| Eveetyprus sp. Gum trees CMF 6.0-8.0 1 4-6 I
Fagus grandifolia American beech M 50-6.5 5 3-4 I
Fraxinus amerlcana White ash CMF 6.0-7.5 | i-4 R
F. migira Black ash MAF 4.0=0.5 R 1-3 R
F. pennsylvanica Green ash CMF 5.5-7.0 R =5 |
Ginkgo bitoba Ginkgo CMEF L.5-75 R i-4 |
| Gleditsia rriocanthos Honeylocust MF 6.0-7.5 R 3-4 R
Gymnacladus dioicus  Kentucky MF 6.3-7.5 I 3-4 R
coffeetree
Mlex agquifolium English holly Ch 4.0-6.0 1 -4
I. opaca American holly CMF 5.0-7.0 R 3-5 R
| Juglans nigra Black walnut MF 6.5-B.5 i 3-5 |
| Juniperus chinensis Chinese juniper CMF 6.0-7.5 5 4-5 I
1 scopulorum Rocky mountain M 6.0=8.0 5 4-6 I
juniper
1 virginiana Eastern red cedar CMF 6.0-8.0 5 3-6 |
Koelreuteria Golden raintree CMF 5.5=7.5 | 3-5 5
paniculata
Lagerstroemia indica  Crape myrile CMF 5.0-7.5 I 3-4 |
Larix laricing Tamarac CMF 4.5-7.5 R 1-4 |
Liquidambar Sweetgum CMF 5.5-6.5 R 2-5 I
styraciffua
| Liriodendron Tulip tree MF 5.5-6.5 g 4.5 5

tulipifera



Botanical

Mame

Magnolia grandiflora
M. virginiana
Mualus spp.

Morus alba

Nyssa sylvatica
Qstrya virginiana
Picea glavce densala
F. pungens
Pinus banksiana
B, fexilis
P. nigra
P ponderosa
F. resinosa
F. strobus
Fistache chinensis
FPlatanus occidentalis
Populus deltoides
P tremuloides
Prunus sp.
Pseudotsuga menzie-
sif glauca
Pyrus ussuriensis
P. calleryona
Quercus alba
0. bicolor
Q. macrecarpa
Q. palustris
Q. phellos
Q. rubra
Q. shumardii
Q. virginiena
Rhus sp.
Salix sp.
Sapindus

; Y
Sassafras albidum
Sophara faponica
Sorbus sp.
Taxodivm distichum

Thufo occidentalis

Appendix5

Common

Name

Southern magnolia
Sweetbay magnalia
Crabapple, apple
White mulberry
Black gum
Iresnwood

Black hills spruce
Colorado spruce
Jack pine

Limber pine
Austrian pine
Panderasa pine
Red pine

White pine
Chinese pistachio
Sycamore
Cottomwocd
Quaking aspen
Plums, cherries
Douglas fir

Ussurian pear
Callery pear
White cak
Swamp white oak
Burr oak

Fin ocak
Willow cak
Red cak
Shumard oak
Live oak
Sumacs
Willows
Soapberry

Sassafras

Jap. pagodatree
Mountain ash
Baldcypress
Arborvitae

CMF
CMF
MF
CMF
M
CMF
MF
MF
CM
CM
CM
CM
CMF
CMF
CMF
CMF
CMF
CMF
CMF
M

MF
CMF
CMF

MF
CMF

MF
CMF
CMF
CMF

M
CMF
CMF

M

MF

CMF
CMF
MF

5.0-7.0
5.0=65
5.0-7.5
5.0=-80
5.0-65
6,0=8.0
4.0-6.5
4,0-7.0
4.0-6.5
4.0=7.0
5.0-7.0
A40=6.5
40-6.5
40-6.5
5.0-7.5
6.0-85
6.5=7.5
4.5-6.5
5.0-70
5.5-6.5

6.0-7.5
5.0-7.0
5.5=7.0
5.0-5.5
4.0-8.0
4.5-6.3
4.5-6.5
4.5-6.5
6.0=-8.0
5.0-8.0
5.5-75
6.0-7.5
6.0-8.0

5.5-6.5
5.5-05
5.0-70
6.0-6.5
6.0=8.5
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-6
1-4
3-5
3-5
1-4

3-5
3-5
4-6
4-6
3-5
-6
3-6
3-5
3-6
-5
2-5
4-6
3-4
4-5
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4-6
1-5
3-5
2-5
2-4
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2-5
3-6
a-5
1-4
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1-4
2-4
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Botanical Common
Name Name
Tiliar s, Lindens CMF 5.5-7.5 5 4-5 5
Tsuga canadensis Eastern hemlock MF 4.0-6.5 5 3-4 5
Limus americana American elm M 6.0-8.5 | 2-5 1
Felkova serrata Japanese zelkova CHIF 5.0-70 R 3-4 1
Key
Texture;

C—coarse texture
M—medium coarse, medium, medium fine
F—fine

Compaction and salt:
S5—sensitive

|—intermediate

R—resistant

Drainage:

1—wery poarly drained
2—poorly drained
3—moderately poorly drained
4—moderately well drained
S—well drained
G—excessively well drained



Acid soil. A soil that contains more hydrogen ions than
hydroxyl ions; soil pH is less than 7.0,

Actinomycete. An order of microbes common to soil;
are bacteria but resemble fungi in having a mycelium.
Important decomposers,

Adhesion. Force of attraction between two different
substances. In soil, used o define the force that attracts
water to soil particles.

Adhesion water. Inner layer of water molecules in a
water film around a soil particle, held tightly by adhesion
so it cannot move or be absorbed by plants.

Adsorption. Bonding of an ion or compound to a solid
surface, usually temporarily. In soil, cations are adsorbed
on clay and humus particles,

Aeration pores. Large (noncapillary) pores that normally
drain free of liquid water because of gravitational
drainage and fll up with air.

Aeration, turf. The procedure of removing numerous
small cores of soil from turf to relieve compaction and
improve soil aeration and water infiltration.

Aerobic. An adjective applied o organisms that
grow, or processes that occur, in the presence
of oxygen.

Agricultural lime. Products that neutralize acidity
and contain Ca*? and/or Mg (carbonates, oxides,
and hydroxices).

Air-dry soil. Soil allowed to dry out in open air without
heating. Still contains hygroscopic water.

Alfisol. One of twelve soil orders. A mineral soil, usually
formed under forest, common to northern and midwestern
states. Usually has brown surface horizon with medium to
high base content and a B horizon with illovial accumula-
tion of clay.

Algae. Simple chlorophyll-containing plants. Single-celled
algae add organic matter to soil by photosynthesis.

Alkaline soil. A soil that contains more hydroxyl ions
than hydrogen ions; pH greater than 7.0

GLOSSARY

Alkalinity. A measure of the carbonate and bicarbonate
content of water,

Allelopathy. Suppression of the growth of plants by
substances exuded by the roots of other plants.

Alluvial fan. A fan-shaped alluvial deposit formed where
flowing water slows down and spreads out at the base of
a slope.

Alluvial soil. A soil developed from mud deposited by

unning water.

Amendment, soil. A substance mixed into the soil 1o
improve its properties, excluding fenilizer.

Amino acid. A nitrogen-containing organic acid, each
with an amino group (=NH,;) and an organic acid group
(=COOH]), that link into chains 1o form proteins.

Ammonia volatilization. Loss of NH, gas from the
soil surface,

Anaerobie. (1) An adjective applied o organisms that
grow, or processes that occur, in the absence of oxygen.
(2} An adjective applied to soil void of oxygen.

Anchorage. Function of soil to hold plant firmly
in place.

Andisol. Soil order with voleanic parent materials.
Anion. An ion with a negative or minus charge.

Anion exchange. Total sum of the number of
exchangeable anions a soil can adsorb, expressed as
milliequivalents per 100 grams of soil, or as centimoles
charge per kilogram of soil.

Antagonism. The suppression of the growth of one
organism by another organism by the production of toxic
or growth-inhibiting (antibiotic) substances.

Antibiotic. A substance produced by one species
of organism that will kill or inhibit growth of some
other organism.

Antitranspirants. Compounds that slow transpiration by
plants to reduce water loss.

Aquifer. An underground formation that holds water. It is
porous enough that water can flow through it to a well,

so can be a source of groundwater. 46
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Arable land. Land suitable for the production of
culovated crops.

Arid climate. A low-precipitation region where
evapotranspiration greatly exceeds precipitation. Too
lintle rainfall to produce crops without irgation.

Aridosol. One of revelve soil orders, common 1o arnd
regions. Soil is dry and low in organic matter.
Arthropods. A phylum of animals with no back-
bone, jointed body and legs, and usually a hard shell.
Includes such soil animals as insects, spiders, sowhugs,
and others.

Aszsociation, soil. A soil mapping unit in which o
or more taxonomic soil units that occur together
are combined.

Autotrophic. Capable of producing one's own food
from carbon dioxide and/or carbonates by photosynthe-
sis or oxidation of inorganic compounds,

Available nutrient. An essential element, or nutrient,
in the soil in a form that plams can absorb into roots,

Awvailable water. Mostly cohesion water, defined as
lving between the field capacity and the wilting
point (=173 1o =15 bars, or =3.3 1o =1.5 MPa soil
matric potential).

B

Banding. Placement of fenilizer, at planting, near the
seed. May also be applied 1o surface or subsurface
placement of fenilizer in strips.

Base saturation. The ratio of the quantity of
exchangeable bases to the cation-exchange capacity.

Basic soil. See alkaline soil.

Bedrock. Solid, or consolidated, rock lyving under the
sail. It may be, but is usually not, the parent material of
the sadl lying above it

Beneficial element. Chemical element that may play a
beneficial role in the development of many plants but
that does not meet the criteria for being considered an
essentul element.

Best Management Practice. A practice recommended
10 reduce environmenial impact of such activities as
farming or land development, that is practical for the
practitioner. In this text, applied to such land
management practices as soil conservation, manure
handling, stormwater management, and others.

Biopore. Large soil macropore created by life, for
example, earthworm tunnels or channels remaining
after root decay.

Bioremediation. The use of biclogical processes and
agents such as planis or microbes o help degrade and
thereby clean up environmental contaminants,

Biosolids. See sewage sludge.

Bioswale. Swale, or shallow ditch, heavily planted,
desipned to absorb runoff water.

Blocky structure. Block-like peds commonly found

in B horzons. Two kinds are recognized: angular or
subangular.

Border strip irrigation. Surface irrigation in which
water is run into strips bounded by low carthen borders.
Bradyribizobia. Genus of symbiotic nitrogen-fixing
bacteria hosted by soybeans.

Broadcast. Application of fertilizer by spreading on the
soil surface, usually before planting and incorporated
by tillage.

Brown fields. Urban land rendered unusable by soil
comtamination or other problem, improved by
remediation or abatement.

Buffer strip. A field border of soil conserving
vegetation or mulch; leaving strips of tall vegetation at
right angles 1o the prevailing wind.,

Buffer test. Method of measuring lime requirement for
an acid soil.

Buffering capacity. The ability of a solution, like the
soil solution, o resist changes in pH when acid or
alkaline substances are added. Often wsed when
speaking of soil to describe its resistance to pH changes
when limed or acidified.

Bulk density. Mass of oven-dry soil per unit volume,
usually expressed as grams per cubic centimeter.

Burned lime. CaO formed by roasting CaCO, in a Kiln
1o drive off CO; as a gas; also called quicklime.

C

Calcareous soil. Soil high in calcium carbonate (lime),
usually denved from limestone-rich parent materials.
Will bubble or “fizz” il reated with cold, dilute (0.1 N)
hydrochloric acid.

Caleitic limestone. Limestone rich in calcite (CaCO,).



Calcium carbonate eguivalent. The acid-neutralizing
ability of a lime product compared 1w thar of an equal
weight of CaCo,.

Caliche. A soil layer near the surface cemented by
culcium and/or magnesium carbonates which precipi-
tated ou of solution.

Capillary. A very thin tube that water will flow into
because of adhesive and cohesive forces. Inthe soil,
stall soil pores can act as capillaries.

Capillary fringe. A zone of soil just above a water
table that is nearly sauraed because of capillary rise,

Capillary rise. Movement of water upward in the soil
through soil capillaries. Occurs as soil surface drics,
drawing moisture from Below,

Capillary water. Old term for water held loosely in
capillary pores in the soil, capable of moving in the soil
and being absorbed by roois.

Carbon cycle. The manner in which carbon cycles on
the earth, beginning as carbon dioxide in the amo-
sphere, converied (o organic carbon compounds pri-
marily by photosynthesis, cycling through various food
cliains, and fnally returning to the aimosphere as carbon
dlicxide by respiration of organisms, Detritus decay in the
soil is 0 major portion of the cycle. Thers is also a geo-
logic portion of the cycle not discussed in the wese

Carbon-nitrogen ratio. Ratio of the weight of carbon
1w weight of nitrogen in an organic material, Obtained
by clivicling the percent carbon by the percent nnrogen.

Carbon sequestration. Hemoval of carbon dioxide
from the sumosphere and its deposition in some sink.
Soil erganic matter, especially in Gelisols and Hiswosols,
is a very large carbon sink.

Carbon sink. A location where, as pan of the carbon
cycle, carbon is trapped for a time so it does not
return to the atmosphere a5 carbon dioxicde, Examples
of sinks inclucle wood in trees, carbon dioxide
dissolved in the oceans, carbonste minerals, and in
this text, humus in soil and organic matter trapped in
Gelisols and Histosols.

Catena. A group of neighboring soils formed of similar
parent miaterials under similar conditions at about the
same time. The soils differ becanse of variwions in reliel
ancd dminage. Synonym: loposecuenee.

Cation. An ion with a positive charge.

Cation exchange. Exchange between a cation in
solution and one adsorbed on a soil colloid.

— Glossary

Catim-cxchanxg CaAnac

exchangealsle CMoNs 4 soil S acdsort
|:|11.: soil's ability 1o hold Mutrients thay ;:': Measire of
s0il, Expressed as milliequivalents =5 CRHONS iy thye

or centimaoles charge per Kilogsam mrsll:-'::l Brams of sgq),
il

Cellulose. A compound which
of glucose Gsugar) malecules in
tiont. Plant cell walls are consin
fibers, Cellulose, unlike another
cannot be digested by animals
1o make paper.

i 2 palymer (chain

A Ceflain configurs.
cred mainly of ellulose
FURAC polvmer, starch
directly. Cellulose i u@m,l

Cemented. Hardened because sail particles are “ghued
together by subsiances such as lime o iron onices
Hardivess persists even when wel

Center-pivot irrigation. Ireigation by 2 pivating boom
of sprinkler noeiles driven slowly in a circular panem
about the pivet polnt by the hydraulic pressure of the
water in the boom

Check dam. A temporary dam laid across a dich os
swale (o reduce velocity of concentrated flow in con-
struction zones. Dam may consist of hay bales, logs, or
stones, Eventually, when the slope if permanently
protected, the check dam is removed.

Chelate. Noun or vers. A chemical conpound in
which a metal ion is firmly atached 1o an organic
molecule by multiple chemical bonds, May be namrally
pecurring or synthetic, Humic acids and oifer ongnk
soil compounds can chelate metallic plant nuirents

in the soil, and synthetic chelates are used as
micronutrient ferilizers.

Chemical guarantee, The percent €3, percent Mg, ard
caleium carbonate equivalent for a lime product.

Chemical weathering. Breakedown of rocks and
minerals by chenical reactions, mostly with water.

Chiseling. (1) Primary tllage with 2 chisel ph'h‘
which pulls long. curved teeth throtgh the soil 1o 1
loosen it witlowt urning it over. (25 Using subsoiling
chisel plow 10 break up deep compacted soil kyers
(3) Using chisels to inject fuid fenilizers of RO
intos the soil

Chlorite. A 21 silicate elay in which a fourth sheet

lwlds vopether the 2:0 lavers.
Chlorosis. Common sign of nuirient shorage, showing
as 3 toss of nomal green color in a plant. Color m.
means 3 failuee w make enough chlorophyll and may "
resuli from shortage of nutrients involved in chiorephy
furmation (nitrogen, sulfur, iron, and others)-
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Chroma. One of the three vanables in the
Munsell color system. Chroma is the purity, or
strength, of a color; itz opposite is the amount
of grayness.

Clay. (1) The class of smallest soil particles, smaller
than 0,002 millimeter in diameter. (2) The textural class
highest in clay.

Claypan. A dense subsail layver with a higher clay
content than the soil above it. See pan.

Clod. A user-made soil agoregate, produced by tillage
when a soil is 100 wel or dry. Clods may vary in size
from 0.25 inch 1o 10 inches.

Coarse texture. A soil texture whose traits are largely
sel by the presence of sand, Includes sands, loamy
sands, and most sandy loams.

Cohesion. The force attracting similar substances. In
the soil, applied 10 auraction of water for itself.

Cohesion water. Outer film of waler around soil
particles, loosely held in place by cohesion to the inner
film of adhesion water,

Colleid. A very uny particle capable of being suspend-
e in water without settling out rapidly. Sail colloids,
mostly humus and clay, have a charged surface that
attracts cations.

Colluvium. A deposit of rock and soil resulting from
materials sliding down a slope under the force

of gravity.

Compaction, soil. The squeezing together of soil par-
ticles by the weight of farm and construction
equipment, vehicles, and animal and foo wallic,
Compaction reduces average pore size and toal air
space in the soil,

Complete fertilizer. A fenilizer containing all three of
the primary macronutrients—nitrogen, phosphorus,
and potassium.

Composite sample. The soil sample sent to a soil-test-
ing laboratory, resulting from mixing together many
individual samples. It should represent the average soil
in a field.

Compost. Noun or verls. Organic residues that undergo
decay in a moistened pile above the ground or by some
other method. Creates an organic soil amendment with
low carbomnitrogen ratio,

Concentrated flow. Movement of water downslope in
a channel that produces soll erosion.

Conductivity meter. An instrument used (o measurne
the concentration of soluble salis in soil or poiting
mixes, It uses the principle that the more jons dissolved
in water, the beter the water will conduct clectricity,

Cone penetrometer. A device with a rod with a
cone-shaped tip which is pushed into the soil. A dial
measures the pressure required 1o penetrate the soil.
Readings are used as an index of compaction.

Conservation buffer. Several different types of dense
vegetalive strps on Lind to reduce erosion by slowing
water flow, increasing infileration in the strip, and
filtering of sail particles.

Conservation tillage. A tillage practice thar leaves
crop residues on a rough soil surface 10 reduce erosion.

Consumptive use, Amount of water iranspred from
plants, incorporated into plant tissue, and eviporated
from soil.

Contour. An imaginary line across a slope that stays al
the same elevation,

Contour buffer strip. A ype of conservation buffer.
Wide strips of permanent vegetation, usually grass, mn-
ning across the slope on the contour. Mot cropped.

Contour tillage. Tillage following the contours of a
slope, rather than up and down a slope, Helps prevent
erosion and munaoff,

Conventional tillage, A ullage system which uses
primary tillage such as a moldboard plow ancd
secondary tillage such as harrows which produces a
fine seedbed and buries most crop residues,

Cover crop. A crop planted 1o prevent erosion on a
soil. Cover crops can be planted on soils not currently
being farmed, between crop rows, or after main

crop harvest.

Cropland. Land suited or used for the purpose of
raising crops.

Crop rotation. A repeated and planned sequence

of different crops grown on the same plot of land o
reduce pest and weed problems and maintain soil
guality. May reduce erosion and fertilization neecds,
depending on selection of crops in the retation.
Cross-wind ridges. Low ridpes in soil at right angles
1o prevailing wind, creating by tllage, w reduce
wind erosion,

Cross-wind trap strips. Bands of vegetation planted
at right angles to prevailing wind 1o trap soil panticles
blowing across a feld.
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Cultivation. Tillage 1o control weeds and loosen soil.

Cyanobacteria. Cenain nitrogen-fixing microbes,
previously called blue-green algae, now classified
a5 bacteria.

D

Decomposers. Micrebes that abtain their food
from dead organic materials, causing decay and
decomposition.

Delta. A usually fan-shaped alluvial deposit created
where a stream or river enters a body of quiet water
such as an ocean or a lake,

Denitrification. Chemical reaction caused by certain
microbes in the soil that change nitrate nitrogen (o
EASCOUS Nilrogen or gaseous nitrogen oxides.

Deposit. Loose material left in a new place after being
carmied by wincd, water, ice, gravity, or man.

Desertification. Conversion of land o desert, often
caused by overgrazing, deforestation, or other
disturbance.

Detritus. Dissolved or particulate cdead, bat not
decomposed, organic material.

Diagnostic horizon. Any of a series of specific
tvpes of soil horizons used o assign a soil 1w s proper
soil order.

Diffusion. Flow of matter through a liquid or gas

by the random movement of molecules, In soil science,
applied to movement of nutrient ions through soil
solution. The movement is ciused by a concentration
gradient, with the ions moving from more ©

less concentrated.

Dissolution. The process of a solid passing into solu-
tion. One of the processes of chemical weathering.

Diversion. Changing the direction of movement. In soil
conservation, a special terrace built 1o divert the flow of
uUnNning water,

Dolomitic limestone. Limestone rich in the mineral
dolomite (calcium-magnesium carbonate).

Double cropping. Harvesting two crops from the same
piece of land in one year.

Drainage. (1} The speed and amount of water removal
from soil by runcff or downward flow through soil.
{2y Amount of time when soil is free of smuration,

Drip irrigation. [rrigation method in which water
drips out of a specially designed trickler unto the soil
surface under a plant.

Drought. A period of soil dryness that seriously harms
plant growth,

Dryland farming. Methods of producing crops in
low-rninfall areas without irrigation.

Duripan. A soil layer hardened and cemented
by silica.

E

Effective Neutralizing Power. A measure of the abil-
ity of an agricultural lime product to neutralize soil
acidity in a reasonable length of time, 2 funciion of the
chemical type of lime, s pusty, and the fneness of its
grind, The concept may be described by other terms,
depending on the stte,

Eluviation. Removal of a material, such as clay or
nutrients, from a layer of soil by percolating water.

Entisol. One of rvelve soil orders. An undeveloped
soil with no distinctive subsurface diagnosggic hordzons
within 1 meter of the soil surface.

Enzymes. Protein molecules synthesized in the cells
of living organisms that mediate or accelerate chemical
reactions in a catalytic mode.

Eolian deposits, Wind-deposited soil material, mostly
silt and fine sand.

Ephemeral gullies. Erosion in which running water
makes large rills thar are not completely flled in when
the ground is tilled, leaving a channel for further
erosion. Soil carried off fields by ephemerl erosion is
not predicted by the Universal Soil Loss Equation.

Erodible. Soil that is easily eroded, due to a variety
of factors.

Erosion control blanket. A temporary soil covenng o
prevent erosion and enable establishment of permanent
vegeltion on constmnaction sites. It consiss of rvo layers
of fine mesh filled with material such as steaw, Compost,
wood fibser, or cocoanut fiber. It can be unmolled over a
slope and stiked down.

Erozion index (EI) or erosion potential.
Measurement of the inherent erodibility of 2 soil used
without preventive measures. Using the Universal Soil
Loss Equation, Kl = RELST.
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Essential element. An elemem needed by plams for
proper growih and reproduction.

Eutrophication. The rapid increase in growth of
aquatic plants and algae caused by pollution of water
by phosphates ancd, 10 2 lesser extent, nitrtes.

Evaporation pan. An open pan of water that experi-
ences the same climatic conditions as a nearby crop.
and from which water evaporates as a result of the
climatic conditions. Generally of standard, specified
dimensions. Measuring water loss from the pan mea-
sures evapolranspirtion losses from the crop, and can
bhe used 1o schedule imigation.

Evapotranspiration. The sum of water lost from soil
by evaporation and transpiration.

Exchangeable base. A cation, excluding hydrogen
and aluminum, held on cation-exchange sites that can
be easily replaced by another cation. Considered 10 be
available for plant growih.

Expanding clays. Clays that expand greatly upon
adsorption of interlaver wiater and shrink upon doving.

F

Fallow. 3ail left idle to accumulate water and/or
mineral nutrients. Weeds are controlled during fallow
chemically or by cultivation.

Family. Level of soil axonomy just above the
s0il series.

Fertigation. Fenilizing with soluble fenilizers through
an irrigation system
Fertilizer. A material added 1o the =0l 10 supply

essential elements, Saate laws may set minimum reqguire-
miens for materials sold as fertilizers.

Fertilizer analysis. Composition of fenilizer measured
b chemical tests. On a bag of fertilizer, would appear
as a listing of the percent of each of the nutrients
contained in the bag, including primary, secondary, or
race elements.

Fertilizer burn. Damage 1o plan tissue resulting

from overapplication of ferilizer, a form of soluble

sall danmape.

Fertilizer carrier. A compound mixed into a fenilizer
o supply @ nutricnt.

Fertilizer filler. A non-nutrient material added w ferl-
izer; for instance, clay, sind, or comeob granules.

Fertilizer grade. The guamntced minimum

analysis in whole numbers of nitrogen, available phos-
phae, and water-soluble potash, listed

as “N-PO-K.O

Fertilizer, inorganic. Ferilizer that contains no
carbon. For the purposes of this wext, fenilizers that are
unalered minerals are considercd separely.

Urea, while chemically organic, is often classified
inorganic because of mpid hydrolysis in the soil w
IMIMONIUm ons,

Fertilizer, organic. Fertilizer that contain:s nutrienis
plus carbon and hydrogen. Often exclucdes ure. See
fertilizer, inorganic,

Fertilizer ratio. Propontion of the primany nutriems in
a fertilizer. Obtained by dividing the gracke by the low-
st common denominator,

Fertilizer, starter. A small amour of (ertilizer ploced
near seeds or ransplants o promote carly growih,
generally high in phosphorus,

Fibric. Adjective applied 1o only slightly decomposed
OrEanic matler.

Field capacity. The percentage of waler remaining in
the soal after desinage has just stopped

Filter strip. Strip of heavily vegetated land bordenng
bodies of waer designed o Blier sediments and pollu-
ants oul of runolf Before it enters the body of witer.

Fine earth fraction. The porion of the mineral
particles of soil smaller than 2 millimeters, Larger
particles are considered coarse fragments, The erm
texure applies w the fine earth fraction.

Fine texture. Soil with a large amount of clay. Usually
incleces clay, sandy clay. clay loam, silty clay, and siliy
clay loam.

Finishing harrow. This secondary tillage device
completes the job of pulverizing the soil; a drag.

Fixation. (1) A process that changes chemicals from
soluble or available forms 10 insoluble or unavailable
forms in the soil. (2) Conversion of gaseous nitrogen 1o
fomic forms.

Floodplain., Land near a stream that is commonly
Meoced when the stream is high. Soil is built from
sediments duposited during Nooding.

Fluid fertilizer. Fenilizer used in liguid form, either a
SOUILION OF & SUSPRNSon.
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Fluid lime. Finely ground lime in a slurr:,.l ar
suspended form i water.

Foliar feed. Application of fenilizer by spraying a
ligquicl fertilizer on plamt foliage, Also known as foliar
fertilization.

Forest soil. Soils developed under forest vegeation,

Fragipan. Maturally oocurring hard, brittle subsoil layer
high in clay that restricts root growth,

Friable. A consistency term, expressing how easily a
moist s0il can be coumbled.
Fritted trace element. A slow-release trace element

fertilizer in which ferilizer carriers are mixed into
glazs powder.

Frost wedpging. Breakage of rocks caused by pressure
created by water freezing in cracks in the rock.

Fungi. Impornant soil organisms, especially as decom-
posers. Considered to be either primitive plants or as
one of five kingdoms of living organisms.
Furrow-diking. Tillage with special tool that

creates ridges and furrows with series of small dams
and Basins in the furrow. The technique retains water in
the hurrows.

Furrow irrigation. Delivery of irrigation water down
furronws from a source ditch,

G..
Gelisol. One of twelve soil orders, established in the soil
taxonomy in 1998, A soil whose subsoil is permafrost.

Glacial drift. General term for debris deposited by
glaciers. Common in northem tier of states,

Glacial outwash. Glacial drift deposited in water flow-
ing away from a melting glacier. Qurwash is sorted by
the running water.

Glacial till. Unsorted deposits of glacial drift deposined
by the ice.

Gley. Soil layer that develops under poor soil drainage
conditiens, has gray color ancd mottles, Color results from
chemical reduction of iron under anaerobic conditions.

Granular structure. Commonly found in A horizons,
Each ped is roundish,

Granules. Apgregates of ferilizer particles often all of
uniform guaranteed nutrient content.

Grassed waterway., A shallow witerway densely
planted 10 grass o carry water down a slope and off o

field 1o prevent erosion. Established in areas of natural
concentrted downhill Aow.

Gravitational flow. Water movement driven by gravity
in the soil in o downward direction in the canth’s
pravitational Geld.

Gravitational potential. That part of the soil toal
water potential associated with position in a gravittion-
al field. This cnergy of posiion (potential energy) could
bz (+) or (=) in sign depending on venical position
with respect 1o a reference level, but usually positive,

Gravitational water, Water that moves through the soil
under the influence of gravity,

Great group. A tixonomic level of the current
soil-classification system,

Greenhouse effect. Warming of the canth as energy
(ong-wave radiation) radiating from the earth is
trapped by certain atmospheric gases, including carbon
dioxide, methane, and others.

Greenhouse gas. Goses in the ptmosphere that
Block the loss of encrgy from the earth as long-wave
eacliation, leading to the greenhouse effect. Includes
water vapor, carbon dioxide, methane, and nitrogen
oxides; each may be released into the stmosphere by
so1l processes,

Green manure, A crop grown (o be wmed voder
while still green o improve the soil.

Green roof. A building rool supporting a growing
medium and planted o vegetation. The medium retains
water from rinfall to reduce runoff, as well as provide
other benefits.

Green-tissue test, A qualitative wsting or evaluation
of marrient content in freshly collected and macenrted
preen leal tissue.

Groundwater. Water stored underground in o suesimed
zone of rock, sand, gravel, or other material.

Gully erosion. A form of water erosion characterized
by clewp and wide channels. The channels are oo wide
o cross with ordinary equipment.

H

Hand-move irrigation. lrrigation cquipment that is
moved by hand from one location of opertion o
ther nes.
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Hardpan. A hard subsodl lwer caused by cementation
by carbonates or other chemicals; limis roor growth
and the infilration of water.

Heavy metal. Group of high-density metallic elements
including lead, cadmium, and oahers. A few needed as
essential elements in trace amounts by plants or animals,
atherwise woxic to biological svstems. May be natarally
occurring in soils or contained in fertilizers, sludges,
composts, other soll amendments, or contaminants.

Hemic. Adjective applicd 1o moderately decomposcd
Organic matler,

Hemicellulose, A complex polviser of sugtes of
almost random stucture; part of plant cell walls that
binds cellulose filsers 1ogether in a cenain pattermn. See
also cellulose,

Heterotroph. Organism not capable of producing own
food, Obtains energy for life processes by oxidation of
organic compounds.

Histosol. One of twelve soil onders. Histosols are
organic soils.

Horizon, soil. A horizomal laver of soil, created by
soil-forming processes, thay differs in physical or chemi-
cal propenties from adjacent layers.

Hue. One of the three color varables in the Munsell
color svstem. Refers 1o the actual color of soil. See also
chroma and value.,

Humid climate, Climate in which in a normal yvear,
moisture does not limit crop production. Depends upon
average precipitation, tming of precipitation, and tems-
perature. More rainfall is required in hotter climates
with higher evapotranspiration.

Humification. The proecess of transforming organic
matter 1o humic substances through biological and
nonbiological processes.

Humus. Decav-resistant eesidue of onganic maller
decomposition. Humus is dark-colored and

highly colloidal.

Hydrated lime. Ca (OH, produced by adding a con-
trolled amount of witer w Catk: also called slaked lime.

Hydration, Addition of a water mobecule 1o anather
substance. One of the processes of chemical wenbering,

Hydraulic conductivity. A trait of soil relating 1o the
ease of water movement in that soil, The finer the soil
texture, the lower its hydraulic conductivity,

Hydric. Sve Hydric soil.

Hydrie soil. A soil tha is ssurated, Nooded, or
ponded long enough during the growing season

1o develop anaerobic conditions in the

upper part.

Hydrogen bond. Bond berween two molecules in
which o hydrogen of one molecule bonds 1o an oxygen
or nitrogen of another molecule,

Hydrologic cycle. The circular route of witer from
the atmosphere back o the aimosphere afler o has
unclergone precipitition, runoff, percolation, storge, or
CVAPOLEInNSpHraiion.

Hydrolysis. Addition of a lwdrogen awom from waler
o andother substance. One of the processes of chemical
wenthering.

Hydromulching. Method of protcaing and vegeniting
hare soil in construction zones by spraying a mixtare of
griss seed, shredded organic mulch, and water with a
specialized machine.

Hydrophilic gel polymers. Synihotic gel polvmers
cupable of modifving the water-retention charactenstics
of soil or potting soil media,

Hydroponic crops. Crops grown in nutrient solutions
rather than soil.

Hygroscopic water. Water held tiglaly by adhesion to
soil particles. Cannot be used by plants and remains in
soil after air-drying. Can be driven off by heating.

Hyphae. Individual strancls of the vegetative body of
fungs. Hyphae can grow into organic matier Lo cause
decay and can surround @ mass of soil particles o
make soil aggrepates.

Hypoxia. A state of severe oxygen shonage inowater
such thin respiration of aquaric organisms is restricted,

Igneous rock. Rock formed lrom the cooling of
malten rock from deep in the eanh.

Hluviation. Deposition in a soil layer of materials trans-
peorted from o higher soil layver by percolating water,

Immature soil. A voung soil that is sill changing
reliively rpidly in response oS surroundings.
Uisually has linle horizon development.
Immobilization. Absorption of an available nutrdent by
a soil organism or plant, changing it i an unavailable
o form.



Inceptisol. One of twelve soil orders, usually young
soils with weak horizons,

Infileration. Downward entry of water into the soil.
See percolation.

Inoculation. Adding microbes 1o soil, seed, or culture
muclivm. For instance, 1o treat legume seeds with bacte-
rizn from the Rbizobium genus,

Inorganic. Any chemical that does not contain both
carbon and hydrogen, Inorganic nitrogen, for instance,
includes npitrates (MO7) but not urea (NH,CONH).

Interception. The arrival of nuirients at a root surface
simply by displacement of a soil volume by root growth.

lons. Aloms or molecules that are elecirically charged
because of gaining or losing elecirons.

Irrigation. Artificial application of water to the soil 10
improve crop growth, or sometimes for other purposes
such as activating herbicides,

Isomorphous substitution. Replacement of one alom
by another of similar size in a crystal lawice. May result
in a charge if the atom has a different charge than the
one replaced,

L

Labile. Carbon source readily transformed by soil
microorganisms, that is, easily decayed.

Lacustrine. Mineral sediments deposited in fresh warter.

Land capability classes. Eight soil classes ranked for
their suitability for agriculiure according to risk of
erosion and other factors.

Landscape. (1) The natural feawres of the earth's
surface such as hills, rees, and water. Usually the piece
of land that can be seen by the eye in a single view,
(2) The designed landseape around buildings or other
structires of the built environment.

Land-use planning. Developing plans for using land
that will best serve the long-term public interest.

Leaching. Removal of soluble material in solution from
the soil by percolating water.

Leaching fraction. The extra portion of irmgation
water that prevents build-up of soil salts by dmining
away accumulating salts. Common in irmigation in arid
climates and in contminerized plants.

Leaching requirement. The fraction of the water
entering the soil that must pass through the roon 2one

Glﬁssag

in order to prevent soil salinity from exceeding a
specified value,

Legume. A& member of the Fabaceae family of plants,
such as soybeans, peas, clover, alfalfa, locust trees, and
many other economically important plans, Legumes
host the fbizobio bacteria that fix nitrogen.

Levee. Alluvial deposit of a shallow rdge along a river,
resulting from coarse deposits during flooding,

Lignins. Complex, decay-resistant organic chemicals thar
glue together cellulose fbers in a plant to make it rigid.

Lime. Materials used 1o neutralize acidity, containing
calcivm or magnesium carbonate, oxide, or hydrate.

Lister plow. A special kind of plow which has

oo moldboards nounted back to back, resulting in a
pattern of 10-inch high ridges and furrows across

thies fiesled.

Load-bearing capacity. Ability of a soil to carry a load
like a roadbed or building withour shifting.

Loam. A medium soil texture class, in which sand, sil,
and clay contribute almest equally to seil properties.

Lodging. Breaking of plant stems because of stem
weakness, often caused by excess nitrogen and low
potassium.

Loess. Wind-depositecd silt.

Long-wave radiation. Radiation emined by the earth’s
surface in the infrared and nearby wavelengths that
escapes inlo space or is partially absorbed by the
atmosphere. Compare 10 sun's shonwave radiation that
reaches earth,

Low Impact Development. Land development of
urban sites that aims © reduce environmental damage
by retaining runoff witer on site rather than exporting
it off site.

Luxury consumption, Absorption by plants of mone
nutrients, especially poiassium, than they need at the
time. The nutrients may, however, be used for later
stages of growth and can be used by animals feeding
an the plant.

M

Macrofauna. Larger, easily visible soil animals,

Macronutrients. An essential element used in large
amounts by plants, including nitregen, phosphorus,
potassium, calcium, magnesium, and sulfur,
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Macropores. Large. noncapillany pores that transmit
water rapidly and are imporiam for soils to drain read-
ilv. As they drain, water is replaced with air,

Mapping unit, soil. Basis for seming boundaries

in a soil map. Mav be phases of series, familics, or
other laxonmmic units, or may be associations of

sich units.

Marine sediments. Parent material which senled 1o the
botom of old oceans and seas.

Marl. A soft limey material deposited in fresh water
that can be used as an agriculteral ime,

Mass action. A law of chemisiry that suxes that the
rate of a chemical reaction is directly proportional 1o
the concentrations of the chemical subsiances. As a
conseguence, changing the concentration of one com-
ponent of reaction can change the speed and direction
of the reaction.

Mass flow. Movement of nutrients by movement of
soil water.

Massive soil. A structureless sodl in which each soil
panicle sticks to neighboring particles. Commen in
C horizons or puddled soils.

Master horizons. O, A, E. B. C, and K horizons.

Matric potential. The soil energy level associated with
attraction of water 10 soil solids,

Mature soil. A soil in equilibrium with its surround-
ings, usually with well-developed horizons,

Mechanical analysis. The measurement of the
amounts of sand, silt, and clay in 2 soil. This measure-
ment uses the principle tha the larger a parnticle, the
faster it sinks in water,

Media. Mixiures which are used o grow potted plants.
They have high air- and water-holding capacities.

Medium-textured soil. Soils intermediange between
fine- and coarse-texiured soils. Includes loam, fine
. and sile,

sandy loams, silt loa
Mesic. Describes a moist soil-moisture regime in which
plants do not normally sulfer water shonages or periods
of soil samurtion.

Mesofauna. Small soil animals slighily larger than
microscopic, aboum 0.2-2 mm in size, including large
nematodes and small but visible arthropods,

Mesophilic organism. Organisms whose optimum
temperature for growih is an imermediate mnge,

bBerween 15°C and 35'C. Dominant microorganisms in
early and late stages of composting.

Metamorphic rock. Rock that has been changed by
et or pressure in the earth,

Methane. Flammable gas, also Known as swamp gas;
main component of the fuel natural gas, Chemical
formula is CH,. Produced by biological processes n
anzterobic soils, and a1 potent greenhouse s

Methanogenesis. Production of mcthane Dby anaerobic
hacteria in saturated sodl.

Micelle. An individual panicle of silicae clay.

Microfauna. Microscopic soil aninuls or animal-fike
organisms, inchwding protoeoa, nematodes, and tny

arthropods,

Microflora. Soil bactern, fung, algae, or vireses.

Microirrigation. The frequent application of small
quantitics of water as drops, tny streams, o miniaiuee
spray through emitters or applicators placed along a
water delivery line. Microirrigation encompasses a num-
ber of methods or concepts such as drip or microspray.

Micronutrient. Essential element ased in small
quantities by plants.

Microgrganism,. An orgamism oo small 1o be seen
without the aid of a microscope.

Micropores. Small, capillary pores which transmit
witter slowly and hold water against gravity, They are
important for the stormge of warer,

Microspray irrigation. A form of microirrigation that
employs small sprayheacs to sprinkle a small area, such
25 a landscape bed of shrubs or a single tree in an
archrd,

Mineral. A pure inorganic compound in the eanth's
crust. Most rocks are mixwires of minerals. Often used
in soil science 1o mean the inerganic solid particles
of sail,

Mineral soil. A soil whose imits are determined mainky
by its mineral coment: mineral soils contain less than
20 percent organic matter.

Mineralization. Conversion of clemems in organic
foorms 1o inornganic forms by decay, See immobilization.
Minimum tillage., Tilkige methods that involve

fewer tilkige operations than conventional lillage. See
conservation tillage,



Mixed fertilizer. A fertilizer conaning more than one
primary nutrient.

Moisture regime. The average soill-moisture conditions
of a site through the year, a function of natural precipi-
tation, slope, soil water-holding-capacity, and presence
ar absence of soil layers that perch percolating water,

Moldboard plow. A primary tillage ool which shears
off 2 section of soil, dps it upside down, and fractures it
along several planes.

Mollisol, One of twelve soil orders. A soil with 2 high
orgimic-matter wopsoil and high base saration; usually
formed uncler prairic vegetanon.

Mottling. spots of different colors in a soil, usually
miicating poor dminage. See gley.

Muck. An organic soil in which the organic maner is
maostly decomposed. See peat.

Mulch. A nunerial spread on the soil surface, such
as straw, leaves, plastic, or stones 1o protect soil from
freezing, rmindrop impact, evaporation, and heaving.

Munsell color system. A system used 1o identify soil
color by means of three variables: hue (color), value
Gintensity), and chroma (purity), ldentification is done
by comparing soil o @ set of standard color chips.

Mycelium, A word for the hyphae or filamentous
strands of fungi.

Myecorrhizae, Fungi that form a symbiotic relationship
with plant roots. The fungi help the plant absorb water
and mutrients, while they receive food from the plant.

N

MNematode, Smll unsepmented worm; many are
parasitic on plant roots.

Mitrification. Microbial conversion of ammonium
nilrogen 0o nitrate nitrogen.

Nitrogen cycle. Series of changes of nitrogen from
atmospheric nitrogen, fixation in soil, a series of
changes in the soil, and retirning to the atmosphere,

Nitrogen depression period. Period of time during
decay of organle matter in which nitrogen is belng
used up by microbes faster than being released by

decay Gimmobilization exceeds mineralization). Resulting

temporary nitrogen te-up can cavse nitrogen shorage
N Crops.

————  Glossary

Mitropgen fixation, Microl
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™

n::n?oint suurcl:.. Source of water pallutams that does
come from a single, easily iclentified paoint, Example

would be runofl from Fanm fields, See poin source.

Nonsymbiotic nitrogen fixation. Miceabial conver-
sion of gaseous nitrogen 10 organic nitrogen in the soil
by feee-living bacteria which do not live on plant roots,
No-tillage. Method of growing crops that involves no
tillage, Secds are planted in slits in soil and chemicals
are used 1o conrod weeds,

MNutrient carriers. Compounds in fertilizers that are
inclucled as useful forms of plant-available nutfdents,

Mutrients. Elements in the form of ions or molecules
wsedd in the metabolism of plams, animals, and microbes.

O

Order, soil. Highest taxonomic level in the USDA soil-
classification system, There are 12 recognized soil onders.

Organic. A material containing both carbon and hydiro-
gen, and ofien oxygen, nilrogen, sulfur, or other ele-
ments. See inorginic.

Organic amendment. A soil amendment that is mosaly
orpganic matter,

Organic farming. Farming without using inorganic
fertilizers or anificial pesticides.

Organic matter. Material of plant or animal origin that
decays in the soil 1o form humus,

Organic soil. Soil conaining more than 20 percent
organic matter. Soil properties are dominated by the
OfgRnic matter,

Osmotic potential. The contribution of dissobved salts
o sugdars (osmotically active solutes) o the energy of
water. The more csmatically active solutes the lower the
energy level of the water,

Oven-dry soil. Soil dried at 105°C umil it reaches 2

consant weighe,

:mit.htl-un. A chemical reaction in which an element
s electrons o another participant in the reaction,
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often oxvgen. For instance, iron is oxidized by oxyvgen
1o form rust,

Oxide clay. See sesquioxide.

Oxisol. One of rovelve soil orders; highly weathered
and leached ropical sails, limited 1o Hawaii and Pueno
Rico in the Linied Staes,

p

Pan. A dense, hard, or compacted layer in soil that
slows water percolation and movemem of air amcd
obstructs root growth. Pans may be caused by
compaction, clay, or chemical cementation.

Parasite. An organism that lives off another organism
(the host). The host is injured by the parasite, See
symbiosis,

Parent material. The unconsolidated mineral or
organic matter from which the solum (A, E, B horizons)
has developed.

Particle density. The mass per unit volume of soil
particles, excluding pore space. Most mineral soils
have a particle density of about 2,65 grams per cubic
centimeter.

Peat. Undecaved or slightly decayed organic soil,
formed underwater where low oxygen conditions
inhibit decay.

Ped. A natural soil aggregate, such as a granule or
prism,

Pedology. Sudy of the formation and classification
of soil.

Pedon. The smallest soil body. A section of soil that
extends 1o the root depth and has about 10-90 square
feet of surface area.

Perched water table, A zone of saturated =oil thart,
because of obhstructions or other reasons, is maintained
above the normal water table. Also applied 1o the layer
of sarated soil in the bottom of a pol of soil, because
excess water cannot drain to the norml water tble in
the seil.

Percolation. Downwird movement of water through
the soil profile.

Percolation test. A test for soil drainage that involves
timing the speed that water will drain out of a hole dug
in the ground.

Perforation. A method of fernilizing shacle rees by
drilling holes in the soil wnder the tree in a grid pattern
and then filling the holes with fertilizer and sand.

Perlite. Large granules of lightweight expanded voloa-
nic glass used in poning mixes.

Permafrost. Continuously frosen material under the
solum or a perennially frozen soil horzon. Feature of
soils of the order Gelisols,

Permanent wilting point. Water conten of soil when
a plant wilts and dees not recover when placed in

a humid chamber. Also called the permancnt

willing percentage.

Permeability. Ease with which gases, lguicds, and plang
roois pass through a specific mass of soil.

pH, soil. Measure of the acidity or alkalinity of a soil.
Technically, reciprocal of the logarithm of the hvdrogen
ion concentration in the soil solution

Phase. A subdivision of the soil series, designanng a
difference from the series norm, Includes slope, degree
of erosion, stoniness, or surface wxiure,

Phosphorus index. A rating system for the hazard of
4 site to cause phocﬁp]mms pollution in surface waters.
There are several differemt phosphorus indices.

Photosynthesis. The reaction, in the presence of
chiorophyll, of carbon dioxide and water 1o form sugar,
using light energy.

Physical guarantee. The size guarantee or fineness
factor for a lime product.

Physical properties. Traits of a soil caused by
physical forces that can be described by physical terms
or equations, Examples are soil texwure, structure, and
bulk density.

Physical weathering. Breakdown of rock
particles by physical forces such as frost action or
wind abrasion,

Plasticity. A consistence term describing how casily o
mass of soil can be shaped and molded when wer.

Platy structure. Soil structure in which plate-like soil
pecks lie hornzomally in the sol. Common in E honzons
of comprictedd A herrizons,

Plinthite, A muxture of variouws chemicals in the soil
that when exposed 1o cycles of wetting and drying
permanently hardens w o brick-like state. Commeon 1o
trogarcal seils.



Plow layer. Upper pant of a soll profile dismorbed by
humankind by plowing or other disturbances; P
horizon suffix,

Plowpan. A tillage pan formed just under the plow layer,

Point source. Source of water pollutants easily traced 1o
a single point, such as a faclory pipe or animal feedlor.

Polypedon. A group of similar neighboring pedons
that makes up a soil series.

Pop-up fertilizers. Fertilizers placed directly in comact
with crop seeds. If large amounts of water-soluble
fertilizers are used, these can cause osmoaic injury and
naot have the desired promotion of early growth,

Pore space. Portion of soil not occupied by solid
miaterial but which is filled with air or water.

Porosity. Percentage of soil volume not occupied by
solid material.

Potentiometer. Device (o measure soil-water potential
ancd particularly soil-matric potental, (Tensiometer is an
older 1erm.}

Prairie soil. 50il formed under grassland vegetation.

Precipitation. (1) A form of water falling 1o earth from
the atmosphere; may be rain, snow, mist, or hail. (2) In
chemistry, formation of pariculate solids when ions in
solution in water react to form an insoluble chemical.
These reactions may be pH dependent. One way
essential elements can become unavailable in the soil,

Precision agriculture, A sysiem of crop pest and fer-
tility management on very small locations so that very
specific (almast prescription) recommendations and
applications can be made for fertilizer or pestcides,

Predator. An organism that hunts and eats prey.

Preferential flow. Usually flow of free water through
large macropores such as biopores, bypassing the
general soil martrix,

Pressurized liquid. A fertilizer delivered 1o an
applicator knife through a pressurized delivery system,
Anhydrous ammonia is an example.

Prills. Fertilizer pellets that are spherical in shape,

Primary consumer. Organism thot feeds on plants; the
second level of the food chain.

Primary macronutrient. The three macronuiriens
{nitrogen, phosphorus, potassium) needing o be added
to the soil in the greatest amounts for good crop growh,

_— _ Glossary

Primary producer. Lowest level in the food chain,
organisms that produce their own food. Mostily chloro-
phyllous plants and microorganisms.

Primary tillage. The first step in seedbed
prepantion in conventional and mulch tillage,
Breaks up amd loosens soil and buries some or all
crop residue,

Prime farmland. Farmland thar has the best
combination of physical and chemical charcteristics for

producing agriculiural crops, and thae is available for
that use,

Prismatic structure. Soil structure with large, prism-
shaped peds arranged vertically in the soil, usually in
the B horizon,

Protein. Importan nitrogen-contining compounds in
living matter, from which comes most of the nitrogen in
OrRANICc nutter.

Protoroan. Single-celled, nonbacterial life form former-
Iy classified mostly as small aninuils, hike amoeba.

Puddling. Dispersal of soil aggregates caused by work-
ing soil when wet, creating 2 massive surface layer.

Pulverized fertilizers. Finely ground or divided
fertilizer solids,

R

Rain garden. Residential or commercial landscape
fearure that is a shallow depression planted (o per-
manent vegetation designed to capture runoff water
from a site like a yard or parking lot, allowing it o
filter into the soil, Not meant to retain water, but may
fill with water during rain events.

Rangeland. Land in ard or semiarid areas with perma-
nent plant cover used for grazing.

Recalcitrant., Carbwon source not readily irnsformed by
soil microorganisms, such as high-lignin plant residues.
See labile.

Recharge basin. Landscape depression in which
ponded wiater percolares through the soil to recharge an
underdving aquifer.

Reclaimed water. Water that hos already been used,
like treated water from sewage reatment or “grey
waker” from homes that can be suitably used for irriga-
tion under certain circumstances and with proper atten-
tion 10 possible contaminants.
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Redoxymorphic feature. Soil color paterns indicating
alternating reducing and nonreducing conditions (sau-
rated/nonsaturited ), such as mottles.

Reduced tillage. See minimum tillage.

Reduction. Hall of an oxidation-reduction reaction.
The gain of electrons in an aom or molecule from
another atom or molecule (the eleciron donor), The
chemical that is reduced s said w0 be an electron accep-
tor. Often involves the loss of an oxvgen or the gain of
a hvdrogen atom,

Relief. Variations in elevation in the landscape.

Residual soil. Soil formed in place from bedrock. rath-
er than from tmansported parent naterials.

Resistance block. A gypsum block with internal elec-
trodes that when in equilibrivm with moist sod allows
{with calibration) electrical resistance o be interpreted
as soil-water content.

Respiration. Biological reaction in which carboby-
drates are broken down o carbon dioxide and woter
with the release of energy. Oppaosite of photosynthesis,

Retention pond. Man-made depression installed wo
collect runoff warer. May or may not be also a recharge
Frasin.

Revised Universal Soil Loss Equation (RUSLE). A
water erasion prediction model incorporating improve-
ments 1o the Universal Soil Loss Equation (USLE).

Rbizobium. Genus of bacteria that live symbiotically
on legume roots and can fix atmospheric nitrogen.

Rhizosphere. A zone of zoil immediaely surrounding
plant roots that supports a high population of microor-
ganisms feeding on organic materials released by the
rool.

Rill erosion. A form of water erosion characterized
by numercus shallow and narrow channels. The chan-
nels can usually be filled in by ordinary

tillage equipment,

Riparian buffer. A BMP for protecting bodies of water
from nutrient and sediment foads in runoff from nearly
land. A riparian bulfer is a buffer zone planted 1o veg-
etation that imercepts munoff, slowing it so sediments
are deposited and absorbing nutriems in the soil and
vegelation.

Rip-rap. Large stones laid on wop of the soil 10 prowct
it from erosion.

River terrace. A former river loodplain now m a
higher elevation.

Root interception. Spe mterceplion.
Root wedging. Rocks forced apart by rool pressure.

Row crops. Crops planted in wide rows for case of
cultivation or other weed-control practices; commonly
corn, soybeans, colton, peanuts, and others,

Runoff. Water that [alls on the soil b Gils 10 be
absorbed; flows on the soll surface.

Salination. The accumulation of soluble suls in the
soil, usually from irrigation.

Saline seep. Small area of saline soil resulling from
summer Fallow.

Saline soil. A ol high in soluble sabis o withowt
oo much exchangeable sodium. The pH s between
7.0 and 8.5; electrical conductivity is greater than 4.0
millimhos per centimeter; exclungeable sodiom
perceniage is below 150,

Saline-sodic soil. Soil has both high solulste salt and
sodivm levels, The pH is berween 7.0 and 8.5 clecirical
cundwrti\ril}' 15 greater than 4.0 millimhos per centimeter,
exchangeable sodivm percentage = greater than 15.0.

Saltation. Movement of soil particles in which wind
causes fine sand 10 hop along soil surface.

Salt index. An inclex of the relative salinity of a foeril-
izer compared o sodium nitrate, given the value 100

Sand. (1) Largest of the soil sepamtes, berween
0.05 and 2.00 millimeters in diameter, (2) Coarsest
textural clss,

Sapric. Adjective applied o fully decomposed organic
matier.

Saprophyte. Microorganism that feeds on dead organic
malier.

Saturated Mow. Water movement in the soil when all
pores are filled with Hoguid water.

Saturation. (13 All or most soil pores filled with water
(21 The amoum of the cition-exchange capacity filled
with @& certain cotion.

Secondary consumer, An organism that feeds on o
prinmary consumer; the third level of a foad chain.

Secondary macronutrient. Those macronuiricnis
useed Jess often as fentilizers tan the primary elements,
Includes caleium, magnesium, and sulfue
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Secondary tillage. Tillage oper, :
tillage that smooths out the sag rulf: E:tw'“ngkiﬁmﬂﬁ’
foedbed,
Sediment. A layer of loose magegy deposited by wind
in

or water. Term often applicd w o . ;
off the field, such as in lakes or :I_J::":u.ﬁml deposited
Sediment basin. A constructed bagin in lang
clevelopment. Nearby land s graded 10 move

runoff inte the basin, where sediment seitles our
Prevents sediment from reaching nearby nateal
bodies of water.

Sedimentary rock. Rock made of sediments hardened
over time by chemicals or pressure,

Seeps. Hillside springs or zones where waer flowing
kiterally within the soil breaks out into the open,

Semiarid climate. Area where minfall is low enough
tex limit crop production, but where dryland farming
can he used. Evapotranspiration slightly

exceeds precipitation.

Series, soil. The basic unit of soil classification,
consisting of soils alike in all profile traits except fos
slight differences in surface wextre, stope, crosion, of
stoniness. See pliase.

Sesquioxide clays. Finely divided panicles of iron
and aluminum oxides, most common in soils of wam,
humid regions.

Sewage sludge. Semisolid wastes, collected by soclis
menation from sewage, that, when properly treated, can
b used as an organic ferilizer,

Sheet erosion. Form of erosion in which soil washes
off the land in a thin, uniforn layer.

Shifting cultivation. Cropping system common (o
tropical forest soils. A plot of forest is cut and burned,
crops are grown for a few years, then the land is
allowed to return to forest to fallow for several years-
Also called slash-and-burn agrculure.

Shortwave radiation. High-energy mdiation, primarly
in the visible range, emined by the sun and shining o7
the earth. Unlike long-wave radiation, it passes through
the atmosphere without being absorbed by greenhouss
atmosphernic gases,

Shrink-swell Pﬂt#l‘lﬁtl. How |'|_'|_'|.u;h i ITELSS Qfsu;il
swells when wet and shrinks when df‘.-': a funection uf
the amount of swelling clays. An impornam Eﬂf{_‘i[‘lf.'l-"-i'ﬂ!!'
propery of soil.

Sidedressing. Application of fenilizer alongside the
rows of an already established crop,

Glossary

Silicate clay. Clays formed by association of structurg
units based on silica sheets (silica teteabedm)d and
alumiing sheets (aluming octahedmal

Sily. Medium-sized soil separate, particles berween O
angl 0.002 millimeter in diameter,

Silt fences. Tighly woven plastic aboc used w filer
secliments from construction sites,

Singlegrain soil. A structureless soil in which each
scril grain is loose in the soil. Usually in sand,
Site-specific management. Tryving 1o tailor all crop
msrsgement praciices o the unigque needs of small
sampling units in each Feld.

Slick spots. Small arcas of a feld thar are slick whe
weet because of high sodium content.

Slope. On a land surface, the degree of variation fro
horizomal, often measured as percemt slope, the ven
cal change over a horizontal distince expressed as a
PeErcent.

Slope aspect. Direction a slope faces, Affects the e
perawre and moisture content of the soil, and often,
vegelalion growing there,

Slow release. Term applied 1o femilizers thar, by v
ous means, release their nutriems slowly. Such fenili
may be only slowly soluble in water or be coated w
subsances that hinder solution.

Smmall grains. Crops which are planted in closely
spaced rows about 7 or § inches apan or may b
broadeast seeded. These crops usually refer 1o
the sereal grains such as wheat, oats, rve, barley,
and grhers,

Sodic soil. $oil high in sodium and low in soluble
salis, The pH is between 8.5 and 10.0; electrical con
tivity is below 4.0 millimhos per centimeter; exchan
abyle yoclium percenage is above 150

Sodjm adsorption ratio, The halance of Na® o ¢
gy in soll-witler eximcts or water for irrigatio
ENuﬂU[{ng’-‘I + [CA= 2P where | | = concentration
the jon.

By, poose minerl and organic atedal on the
il sycfice that serves as a medium for the grov
o byl plants.

ﬁﬁl[ qeration. Process by which air in the soil is
ll*n]wxl py air from the aimosphere. Related w
Mgy e, size, and continuity of soil pores and to
"ll.‘.m.‘;l drainage.
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Soil apggregate. A mass of fine =il particles glued
together by clay, organic matter, or micrabial gums.
Aggregates are pan of soil strucure.

Soil air. Gas phase of soil; space of soil not Alled with
soicl or ligquid.

Soil association. See association, sodl,

Soil classification. The amangement of soils into
classes of several levels.

Soil conservation. Protection of soil froom erosion.

Soil consistence, Characteristics of a soil in s

response of resistance (o pressare, as described at
various soil-moisture contents. Such characteristics
include stickiness, plasticity, hardness, or friabdlity.

Soil degradation. Loss of soil quality through such
processes as erosion, salination, conaimination, severe
compaction, and numerous others.

Soil fertility. Abilinv of a sodl 10 supply the elements
needed for plant growth.

Soil genesis. (1) The mode of ongin of the soil with
special reference to the processes or soil-forming factors
responsible for development of the solum, or rue soil,
from unconsolidated parem material, (2) The branch of
soil science that deals with soil penesis.

Soil horizon. A laver of s0il or soil material approxi-
mately parallel to the hand surface and differing

from adpcem genetically related lavers in physical,
chemical, and biological properties or characteristics
such as color, structure, texmure, consistency, kinds
and number of organisms present, degree of acidity
or alkalinity. etc.

Soil loss tolerance. The average maximum yearly loss
of soil in tons per acre that will not lead o loss of pro-
ductivity over tme. This amount, usually between one
and five, is charmcerstic of 2 soil series.

Soil matrix. The arrangement of solid soil particles
and soil pore spaces which is a three-phase system of
solid, liquid, and gas.

Soil-moisture tension. An older term used o describe
the force atracting water molecules to soil particles; can
be though of as the “suction” required 1o pull water
from the soil paricles,

Soil order. See order, soil.

Soil pinting. Forming small pits or Basins on semi-arid
to arid rangeland o help retin more witer from natu-

ral rainfall and improve productivity. A machine like a
miadified disc plow is used.

Soil profile. The vertical section of a soil through all
its horizons, ending in the parent marterial,

Soil quality. Capacity of a soil 1o provide the needed
functions for human or natural ecosystems over the
leng term,

Soil reaction. The degree of acidity or Basicity in the
soil expressed by the pH scale. An obsolete term in soil
science, but still widely used.

Sopil sampling. The systematic gathering of soil same-
ples for use in soil testing.

Soil separate. Classes of mineral panicles less than 2.0
millimeters in diameter; includes cliy, sill, and several
sizes of sand.

Soil series. See series, soil.

Soil solution. The liquid phase of soil, consisting of
wiater and dissolved ions.

Soil strength. Ability of a s0il 1o resist deformation,
related 1w solid phase cobesion and adhesion, water
content, and degree of cemeniation or compaction.

Spil survey. The examintion, descniption, and map-
ping of soils of an area according 10 the soil-classific-
tion system.

Soil taxonomy. See axonomy, soil.

Soil testing. Using various tests (o measure properties
thae affect how well soil will support plant growth.

Soil texture The relative proporion of the soil
separates in a soil.

Soil triangle. Used to plice a soil in a soil (textural)
class by plotting the percents of sand, silt, and clay.

Soil-water potential. The amount of waork a small
amount of water can do in moving from the soil © 2
pool of pure, free water at the same location. Tncludes
miatric, gravitational, and salt potential. Mormally, matsic
potential is the main component, bat salt potential is
significant in salted soils,

Solarization. A nonchemical method 1o sterilize soil
using the sun to heat the soil under a clear plastic sheet.

Solid-set irrigation. Sprinkler irigation from a
permanently installed delivery system,

Soluble salts. sSalts in the soil that are more soluble
than gypsum.
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Solum. The upper, weathered pan of the soil profile;
the A, E, and B hosizons.

Solution. Water with ions dissolved in it Applicd 1o
soil, the soil solution is the water in the soil with
nutrients and other materials cissolved in i

Specific surface area. Total surface area of all the soil
paricles in a volume of soil.

Splash erosion. The movement of soil paricles by
splashing from the impact of 2 drop of water.

Split application. Applying the total desired fenilizers
necded in several smaller doses somewhat matching the
crop's nuirient uptake needs through the season

Spodosol. Cine of rwelve soil orders, Mainly acid,
cerrse-texiired forest soils of cool, humid regions. Has
subsail layver with illuvial accumulation of humus, alu-
minum, and sesquioxides.

Starch. A compound which is a polymer (chain) of
glucose (sugar) molecules in a certain configuration. A
form of encrgy storage in plans. Unlike cellulose, can
I digested by mammals and is a major food/energy
source for animals that ear plants, such as humans
Suing potoes or pasia.

Starter fertilizers. A small amount of fertilizer placed
near seeds or transplants W promaote carly growth,

Stem-girdling roots. Tree rooms which cross the tunk
at or just below the soil surface, inhibiting trunk growth
anel compressing conducting tissues a that side aned
leading to poor tree health and stability. Often results
froun deep planting.

Stomata. Small openings in plant leaves through
which oxygen, carbon dioxide, and water vapor are
exchanged.

Strip-cropping. Planting different types of crops in
aliernate strips o prevent wind or water erosion. Sirips
are usually planted on a slope contour or across the
direction of the prevailing wind,

Structure, soil. The armangement of soil particles into
aggregates, or peds.

Structured soil. Man-macde growing medium containing
gravel, loam, and achesive installed in urban landscapes
1o act as base for paving yet penmit growth of tree roms,

Structureless soil. Sail with no visible apgregates, See
miassive soil and single-grain soil.

Stubble-mulching. Practice of leaving crop stubble
stand between the time of harvest of one crop and

beginning stages of growih of the following

: CTOp to
reduce erosion of caplure snow. ?

Subgroups. In Soil Taxonomy, a category below the
greal group category and above the Faimily category,
Subirrigation. Method of irrigation in which capillany

rise from a satrated zone in the soil camies watee 10
plant roots.

Suborders. In Soil Taxonomy, a caegory below the
order category.

Subsidence. The lowerning of a surface, Orgzanic soils
subside because organic paricles are lost o decay or
wind erosion

Subseil. Soil below the plow layer. generally the B
horizon.

Subsoiling. Breaking up compact subsoils or pans by
the use of a chisel or other wol.

Subsurface drainage. A method of anificially drain-
ing wet solls by burying a system of tiles or perforaed
pipes that carry excess subsurface water off the field,

Subsurface tillage. Tillage with special tools that are
drawn beneath the soil surface 1o kill weeds and
loosen soil without mixing crop residuees into the soil
for protection against wind erosion.

Surface creep. Movement of sand panicles along soil
surface by being rolled in the wind,

Surface drainage. A method of anificilly drining wet
soils by digging a system of ditches that collect water
and carry it off the feld,

Surface irrigation. Broad wrm for Aooding the soil
surface with water relensed from canals or

PIping systems.

Surface soil. The op few inches of soil, usually mixed
during tillage. Otten the sune as the plow layer.

Surface water. Warer in nawral or man-made bodies of
water on the earth’s surfiice, such as lakes or reservoins.

Suspension. (1) A syatem of nny particles hanging in
a liquid or gas, (23 Movement of clay or il particles in
the wincd by being suspended in the air,

Sustainable agriculture. A philosophy and collecion
of proctives that seek 1o protect resources while ensur-
ing awlequante productivity, strives o minimize off-famm
inputs such s feniliver and pesticides, and 10 maximize
on-farm resources such as livestock manure and nitrg-
gen fixaion by legumes. Soil and water MEnagement
are central components,



Glossary

Swale. A shallow ditch in the landscape that weater
tends 1o collect in and Now through. Vegetated swales
are constructed in housing developments 1o move
stormwater. A Moswale is construcied and vegetaied o
promote water ahsorption rather than transport, a BMP
in low-impact development.

Symbiont. An organism tha lives in close associmion
with another organism, an association Known as sywe-
Ifosts. In this text, the association is mutually helpful o
both orpanisms. a form of symbvosis knowi as mfil-
fsar in the field of ecology.

Symbiotic nitrogen fixation. Fixanon of nitrogen
by microbes living in symbiosis with plam roots,
uswlly by Slizodirem bacteria and several species
of actinemycetes.

Syringing. A light sprinkling of mrf or other plants 1o
reduce heat stress and transpiration.

T

Talus, Deposits of drv rock and soil thay have slid o
the base af a slope under the force of gravity.

Taxonomy, soil. System of classifying scils 10 show
their relationships.

Temporary wilting point. Point of plant water coment
at which plant wilts but at which plant will recover if
walered, cooled. or placed in humid air.

Terrace. (a) (Geologic) An older flood plain on a level
above the current river channel and modern Aood plain,
{h) (Soil and water conservation) A series of low ridges
and shallow channels running across a slope or on the
contour to caplure water so it can scak into the soil ar
1o contral erasion.

Thermophilic organism. Heat-loving onganism whose
optimum temperature range for growth is above 35°C.
Dominates composts during middle stage of decay.

Tillage. Mechanically working the soil 10 change sodl
conditions for crop growth, Kill weeds, or bury crop
resicues.

Tillage pan. A soil pan induced by tillage operations.
Tilth. Physical condition of the soil in wemms of how eas-

ily it can be tilled, how good a seedbed can e made,
and how easily seedling shoots and roots can penetrate.

Tissue testing. Nutrients in the plant itsell, instead of
nutrients in the soil, are wsted, Can be used as a way ©
see il something is hindering nutrient uptake.

Topdressing. Applying fertilizer on an established
wirf, hay meadow, pasture, etc. without incorporation
Iy rillage.

Topography. See reliel

Topsail, The A horizon; or sail stirred during tillage.

Total neutralizing power. An older wenm for calcium
carbonate equivalen.

Total pore space. Portion of soil not occupicd by solid
mesterial but which is Glled with air or witer. See pore
space and porosity.

Trace elements. See micronutrient.

Transported soil. Soils formed in parcnt materials
brought 1o the final location of soil fomemion by
transporting agents such as gravity, fowing water,
wing, and glacial ice sheets.

Traveling-gun irrigation. Sprinkler irrigation Trom a
large waveling sprnkler moved by a cable anached to a
heavy tractor or winch.,

Type, soil. An old term, meaning the same as a
textural phase of a soil series,

U

Ultisol. One of twelve soil orders. Leached soils of
warm climares,

Universal Soil Loss Equation. Equation developed 1o
predict average soil losses from a soil because of sheet
and rill erosion.

Unsaturated flow. Water movement through
the soil when the largest pores are not lilled with
ligguid water.

Urban land. Areas altered by urban activities and struc-
tures, 50 that the soil is difficult o identify,

Y

Value. One of three variables of the Munsell color
system. Refers to the lightness or intensity of color.

Vermiculite. (1) One of the expanding clay minerals,
(2) Expancled mica tha is lightweight and porous, It is
uised I polling mixes.

Vertical mulching. A band or column of mulching
material i placed into o vertical slit or narrow hole in
the soil.
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Vertisol. One of rwelve soil onders. Soils high in soell-
ing clays thar have deep wide cracks when dry. Surface
soil falls into the cracks, causing soil mixing.

Yirgin soil. Soil than has not been disturbed by humans,

Volatilization. Evaporation, Also applies 1w loss of
nitrogen in ammonium fertilizers and urea as soil
restciions convert i 1o ammenia gas which is lost 1o
the atmosphere.

Volumetric water content. The volume of water
contained in a given volume of soil, expressed
commpareed o the same volume of soil is a dry state.

W

Waterlogged soil. Soil whose pores are filled with
water and S0 are low in oxygen. Caused by high water
tables, poor drainage, or excess moisture from: sin,
irrlgation, or Aooding.

Watershed. The womal land area in which munoff waer
flows inlo the same stream,

Water content. A measure of the water content of the
soil by weight, also, but less accurately, known

as moislure percentage. Calcukaned by subtracting

dry weight from moist weight, then dividing by the
dry weighn,

Water table. Upper surface of a layer of saturatecd
mzterial in the soil.

Water table, perched. See perched water tabile.

Water-use efficiency. Crop production per unit of
water reaching the land the crop occupies.

Wattle. A temporary Barrier o waterflow Inic across a
slope to slow downhill witer flow and cause sedimenms

to drop out behind the barrier. Mavhe a long Mexille
wbe filled with simw, compost, or cocoanut fiber. Often
used to prevent erosion on construction sites,

Weathering. Natural process that breaks down rock
imo parent materials.

Wetlands. Arcas that have a predominance of hydric
seils and that are inundated or saturated by surface
witter oF groundwsater at a feeguency and dusition
sufficient to suppon, and under normal circumstances
do support, @ prevalence of hydrophyiic vegetation
typically adapted for life in siturmted soil conditions.

Wetland hydrology. The behavior of water in a soil is
such that the soil is saueated or flooded with ground or
surface water long enough of often enough dunng the
growing season to exclude plants not adapted for life in
saturaed soils,

Wheel-move irrigation. A line of sprinklers mounted
on wheels which slowly rolls down the field as it
sprinkles the kand,

Wind Erosion Equation. A wind erosion prediction
maodel which uses the following factors: soil erodability,
seil roughness, climatic conditions, feld length, and
vegeiative cover.

X

Xeric. (1) In soil taxonomy, a twpe of climatic
regime, (2) In more common usage, a dny soil
moisture reginie.

Xeriscaping. A kind of landscaping adapted o dry
climates designed 1o reduce water use.



A horizon, 40
Aciel sl
causes, 230-32
definition, 227
Acidlifying soil, 24647
Acicls, 44344
Actinoimycetes, 101, 102
Active acidity, 23839
Active fraction, 127
Additions (soil-forming process), 38
Adbhesion, 144
Adhesion water, 144
Adsorption, 210
Aeration, 171
Aeration pores, 8, 65
Aerial photographs, 53
Aerobic organisms, 100
Agricultural Experiment Stations,
52, 432
Agricultural lime, 236
Agnrcultural Research Service
(ARS), 432
Alfisols, 48
Algae, 101, 102-103%
Alkaline soil, 227
Alkalinity, 373
Allelopathy, 357
Alluvial fans, 31
Alluvial soils, 31
Aluminum toxicity, 234
Amino acids, 125
Ammonia volatilization, 262
Amoeba, 101, 103
Anaerabic organisms, 100
Anaerobic soil, 144
Anchorage, &
Anclisols, 48
Animal health, 338-39

Animal manure, 32634
benefits, 326-27
BMPs, 332-33
content, 328-29
handling, 330-32
nutrient losses, 320-30
problems, 327-28
sensitive areas, 333

Anion exchange, 219

Anionic teace elements, 279-81

Anions, 441

Antagonism, 102

Antitranspirants, 173-74

Aquifers, 168

Arable land, 59
Arid climates, 167
Aridisols, 48

ARS CAgriculural Research Servicel,

432
Arthropods, 118-19
Artificial deainage, 18589
Atoms, 439
Autoirophs, 99
Available water, 130

B

B horizon, 40

Bacteria, 100-101
Bacteria-feeding nematodes, 116
Banding, 317

Bar Cunit), 147

Base saturation, 220

Bases, 44344

Basic soil, 227

Basin irrigation, 191

Beneficial elements, 207, 281=582

Best Management Practices (BMyPs),

17-18, 352, 363
animal nenure, 332-33

fertilizer, 342
improving soil conditions for
microbes, 114
Biopores, 86
Bioremediation, 112, 420
Biosolids, 334=36
application puidelines, 335-36
criticism, 336
problems, 334=35
Bioswales, 428
Blocky structure, 78
“Blue-baby disease” (methemoglo-
binemia), 338
BMPs. See Best Management
Practices
Border-strip irmigation, 191
Boron, 201, 279-80
Boundary layer, 407
RBouyoucos hlock, 161
Bradyrbizobia, 105
Break down chemical, 111-12
Broad-based termaces, 404106
Broadeasting, 316, 319
Brown fields, 420
Buffer inclex, 240
Buffer strips, 172
Buffer test, 239
Buffering capacity, 23840
effects on lime, 239=40
Building materials, 15
Bulk density (BD), 73=74
Buried debris, 416
Burned lime, 236

c

C horizon, 40
Calcareous soils, 229
Calcitic limestone, 236
Calcium, 272-74
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Calcium carbonate equivalent
(CCE), 240, 321
Caliche, 39, 87
Capability classes, 58=00
Capillary, 144—i0
Capillary fringe, 151
Capillary rise, 154
Capillary water. 144
Carbon, &
Carbon ovele, 99
Carhon sequestration, 20
Carbon sinks, 20
Carbon-nitrogen ratio, 135
Cation behavior
at exchange site, 218-19
Cation exchange, 215-20
Cation exchange capacity
(CEC), 217
application, 219-20
Cations, 441
CCE (caleium carbsonate equivalent),
240, 321
Cellulose, 125
Center-pivol irrigation, 194
Charged colloids. 215
Check dams, 425
Chelares, 130, 277, 309
Chemical puarantees, 241
Chemical reactions, 441=42
Chemical weathering, 25
Chemicals, breaking down, 111=12
Chemigation, 192
Chisel-plow, 349, 353
Chlorine, 280=81
Chlorine clay, 215
Clay, 68
Claypans, 86
Clean Water Act, 430=37
Climate. 32-34
arid, 167
change, 411-12, 440=47
global, 139=40
huamid, 167
semiarid, 167
and soil, 19-20

Clods, 75, 84
Cohesion, 144
Cohesion water, 144
Colloids, 130, 211-15
Colluviom, 32
Compaction, 80-83
avoiding, 370
urban soil, 417-18
Companion crop, 133
Complete fertilizer, 311
Composite sample, 287
Compost, 134, 137, 330-38
benefits, 337
methods, 337
Compounds, 43940
Concentrated flow, 392
Conductivity meter, 373
Cone penetrometer, B2-83
Confined Animal Feeding Operation
(CAFOD, 334
Conservation buffer, 403
Conservation Compliance
Programs, 436
Comservation Reserve Enhancement
Program (CREP), 435
Conservation Reserve Program
(CRP), 16, 20, 140, 435
Conservation Security Program
(CSF), 435
Conservation tillage, 352-54
and organic mater, 131-32
and soil conservation, 400
va. comventional tillage, 355-56
and water conservation, 172
Consumers, primary vs,
secondary, U8
Consumption, luxury, 223
Consumplive use, 170, 173-75
Conainer growing, 370-74
Conlinucus cropping, 357
Conaour buffer sirip, 403
Contour practices, 400-i02
Contour tllage, 171, 40001
Conventional tlkige, 348-52
vs, conservation tilkige, 355-56
Cooperative Stale Research.

Education, and Extension Service
{CSREES), 432
Copper, 279
Cost-sharing, 435
Cover and management Bictor
(C), 395
Cover cropping, 133, 358-59
CREP (Conservation Heserve
Enluncement Progoum), 435
Crop cooling. 173
Crop residues, 132-33
management, 3a0=-i7
Crop rotation, 134, 3537-38
Cropland, 11=12
Cropping systems, 35039
Crops
average rooting depth, 199
sodium wlermnce, 233
and soil salimity, 251
Cross-wingd ridges, 410
Cross-wind trap strip, 410
CRP {Conservation Heserve
Programy, bh, 20, 140, 435
CSP (Conservation Security
Program), 435
CSREES (Coopertive State
Research, Education, aned
Extension Service), 432
Cyanobacteria, 102, 100

D

“Damping-off~ fungi, 101-102
Decay
organisms, 98
process, 120-27
unclesirahle effects, 131
Decomposers, 98
Deep planting, 377
Deflocoulae, 79
Deicing salts, 418
Deleas, 32
Denitrification, 107-108
Dresertification, 17
Ihetritus, Y98
chemical nukeap, 125-26



Developed land, 414
Diagnostic horizons, 47
Diffusion, 222
Direct aggregate destruction, 83
Dissolution, 25, 210
Drissolved ions, 210
Driversions, 406
Dokuchaey, ¥, V., 23, 45
Dolomitic limestone, 236
Double cropping, 358
Dirain iles, 186
Dirzinage
imponance, 180-82
management, 188-89
Drip irrigation, 195-96
Diry fertilizers, 302
Dry Soil, 80
Diryland farming, 359=60
definition, 359
range land, 360
saline seeps, 359
summer fallow, 359=60
Duripans, 87
Dust Bowl, 2

E

E horizon, 40
Earthworms, 119-21
Ectomycorrhizae, 109, 111

Effective Neutralizing Power (ENF),
242, 243-44

Electrical conductivity, 250
Elements, 439
anionic trace elements, 279-81
essential, 206-207
fritted trace element, 309
metallic trace elements, 276-79
and oxides, 312-13
secondary elemenis, fertilizer, 309
sources, 200=10
teace, 208, 309
Eluviation, 40
Endomycorchizae, 109, 111
Energy, 44446

Energy costs, 341

Engineering, 13-14

ENP (Effective Neutralizing Power),
242, 24344

Emisols, 49
Environmental Protection Agency
(EPAD, 334
Environmental Quality Incentives
Program (EQIP), 435
Enzymes, 276
Eolian deposits, 31
EPA {Environmental Protection
Agency), 334
Ephemeral gullies, 391-92
EQIF (Environmental Quality
Incentives Program), 435
Ericaceae, 110
Eraxdibility, 454
Erosion
and climate change, 411-12
consequences, 38487
cost, 385-87
preventing, 131
See also Water erosion; Wind
erasion
Erosion control blanket, 424
Eszential elements, 206-207
Euglena, 101, 103
Eutrophication, 338
Evaporation, 173
Evaporation pan, 199
Evapotranspiration, 167, 199
Excess water
effect, 144
Exchangeable bases, 220
Expanding clays, 212

F

Fallow, 359-60
Families {soil classification), 47
Farm Bills, 433

Farm Security and Rural Investmen
Act (2002), 433

Farm Service Agency (F5A), 432,
433, 435

Index

Farmland, prime, 140
Fats, 125-26

Federal Clean Water Act (1972),
328, 334
Feel test, 70=71
Fertigation, 192, 316, 319-20
Fertilization
fruit culure, 369
nursery field culure, 370

vegetable culture, 367-68

Fertilizer analysis, 310

Fertilizer burn, 248, 322

Fertilizer filler, 312

Fertilizer grade, 310

Fertilizer materials, 303-10

Fertilizer price, 315

Fertilizer ratio, 312

Ferilizers, 299-322
animal and human heaith, 338-39
application after planting, 318-21
application at planting, 317-18
application before planting,

316-17

BMPs, 342
calculations for blending,
313-14
contents, 312
definition, 299
effects on soils, 321=22
elements and oxides, 312-13
energy costs, 341
and environment, 338—42
eutrophication, 339
forms of, 299-303
human changes in global
nitrogen cycles, 341
hypoxia, 339
materials, 303=10
mixed fertilizer, 310=14
selecting, 314-15
anel tillage, 355-56
Ferilizing, 372-73
trees, 378-79
Fibiric, 137
Field capacity, 148
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Field mapping, 52-54

Filver strip, 403

Fine earth fraction, 65=00

Finishing harrow, 351

Firing, 265

Firm soil, 80

Flecculation, 78=79

Flooding, 433

Floodplains, 31

Fluid fenilizers, 301

Fluid lime, 245

Foliar feeding, 320-21
definition, 320

Forest, 12-13

Fragipans, 86

Fragmentation, 126

Frankia, 106

Friable soil, 79

Fritted trace element (FTE), 309

Frost wedging, 25

Fruit culture, 36869

F5A (Farm Service Agency), 432,
433, 435

FTE (fried wace element), 309

Fungi, 101-102

Furrow irfigation, 191-92

Furrow-diking, 171

Furrow-irrigated fields, preparation
of, 351-52

G

Gases, 5

Gelisols, 49, 140

Genetic horizons, 47

Geographic Information Systems
(G18s), 53-54, 291

Glacial drift, 29

Glacial ice, 20-30

Glacial cutwash, 30

Glacial tll, 29-30

Gley, 92

Global Positioning Systems (GPSs),
53, 291

Glomalin, 109

Government agencies and
programs, 431=37

GPSs (Global Positioning Systems),
33, 20

Graded werraces, 404

Gradients, 44546

Granular stracture, 78

Granules, 302

Grassed waterway, 403

Gravimetric measurements, 150-60

Gravitational fow, 152

Gravitational potential, 147

Gravitational water, 148

Gravity, 32

‘Grazing land, 12

Great groups (soil classification), 47

“Green acre” laws, 437

Green manure, 133, 358

Green roof, 426-29

Green-lissue 1est, 297

Groundwater, 168

Grower testing, 296

Gully erosion, 302

Gypsum block, 161-62

H

Haber process, 303
Habitat diversity, increase, 114=15
Hand-move irrigation, 192
Hard armoring, 423, 425
Hardpans, 10
Harmiul organisms, 115-16
Harvest peat, 138-29
Health, and fertilizers, 338-30
Heat canker, 87
Hewvy-Metal Contamination, 418-20
Hemic, 137
Hemicelluloses, 125
Herodous, 1
Heterotrophs, 959
Histosols, 50, 140
Horticullure, 365-81
conmtainer growing, 370=T4
definition, 365

fruit culure, 368-69
Inndseaping, 374-81
nursery field culiure, 369-70
peat, 139
vegerable culture, 365-68
Human health, amcd fertilizers,
338349
Human pathogens, 335
Humans, and soil formation, 38
Humid climates, 167
Humification, 127
Humus, 95-99, 127, 215
Hydrated linwe, 236-37
Hydration, 26
Hydraulic conductivity, 73
Hydric moisture regimes, 203
Hydric soils, 183
Hydrogen bond, 144
Hydrologic cycle, 166-67
Hydrolysis, 25, 229
Hydromulching, 424
Hydrophilic gel polymers, 172
Hydroponic crops, 6
Hygroscopic water, 149
Hyperaccumulators, 420
Hyphae, 101
Hyprum peat, 138
Hyposia, 339

Igneous rock, 27-28
Wite clay, 213
Iuviation, 40
Immobilization, 104
Inceptisols, 50
Infiltration, 71

Injector, 320
Inoculation, 113
Inorganic compouncs, 440
Imternal drainage, 453
Inernal surface area, 65
fons, 440

lon-specific effects, 249
Iron, 277



Index

Iron chlorosis, 208
Irrigation, 189
amount, 199-200
application rate, 200
decision, 197-99
saving water, 200-201
syslem, 189-97
using, 197-201
Isoerodent map, 395
Isomorphous substination, 216

J

Jenny, Hans, 23

K

Kaclinite clay, 215

L

Labile, 126
Lacustrine, 30
Land capahility class, $8-01
of United States, 61
Land capahility subclasses, 60
Land evaluation, 432-39
eradibility, 454
flooding, 453
intermal drainage, 453
restrictive layer, depth o, 453
site inspection, 434
slope, 453
soil texture, 453
suitability, 452
water available for plants, 453
Landscaping, 374-82
amending soil pH, 377-78
avoiding compaction, 376
deep planting, 377
fertilizing trees, 378-79
site and plant selection, 375-76
ransplanting, 377
wrf, 379-80

xeriscaping, 381
Lange, Dorathea, 3
Leaching, 33
Leaching fraction, 254
Leaching requireiieit, 203
Legume plants, 105-106
Levees, 31
Lignins, 126
Lime, 235
application, 245=40
benefits, 236
buffering capacity, 23840
calculation, 240-41
ENP, 2434
fineness, 242
materials, 236-37
working, 237-38
Lister plows, 351
Living mulch, 133, 358
Load-bearing capacity, 14
Loam, 68
Lodging, 260
Loess soils, 31
Losses (soil-forming process), 30
Low impact development, 428-29
Luxury consumpiion, 223

M

Macrofauna, 100
Macronutrients, 208
Macropores, 8, 65
Magnesium, 274-75
Mammals, 121-22
Manganese, 277=78
Manure

anirmal, 326-34

green, 358
Mapping units, 54-56
Marine sediments, 31
Macl, 237
Muass action, 218
Mass flow, 222
Massive =oils, 78
Master horizons, 40-41

subdivision, 4142
Matric potential, 146—7
Maximum cropping, 135
Mechanical analysis, 70
Media, 371
Mesic moisture regimes, 203
Mesofauna, 100
Mesophilic stage, 337
Metallic trace elements, 276-79
Metamorphic rock, 286-29
Methane, 112
Methanogenesis, 112
Mica clays, 213

Micelle, 211
Microfauna, 100, 102
Microftora, 100

Microirrigation, 195-97
Micronutrients, 208, 276
Microorganisms, 100-103
distribvution and function,
103-12
Micropores, B, 65
Microspray irrigation, 196-97
Mineral soils, 32
Mineralization, 104
Mixed ferilizers, 310-14
analysis, 310
caleulations for blending,
313-14
contents, 312
elements and oxides, 312-13
grade, 310
ratic, 312

Modified and structured
soil, 421

Maoist Soil, 79

Moisture regimes, 203
Mold bactena, 102
Moldboard plow, 349
Moles, 441

Mollisols, 51
Molybdenum, 280
Montmorillinite clay, 215
Motling, 92-93

Moune city, 416
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Mouse-ear, 279

Muck, 137

Muleh, 134=35, 172
Sulch-till method, 353
Munzell color svstem, 93-94
Mycelium, 101

Myeorrhizae, 109-11

N

National Cooperative Soil Survey
Frogram, 52

National Organic Standaeds
Board, 361

Manonal Pollutant Discharge
Elimination Sysiem (NPDES),
334, 422-23

National Resource Inventory (NRID,
16, 183, 383, 433

MNatural Resources Conservation
Service (MRCS), 52, 53, 305, 432,
433, 435, 437

Nematocides, 118

Nematodes, 102, 116-18

Neuralizing power, 24041

MNew York City Soil Survey
Frogram, 416

Mickel, 279

Nitrification, 107

Nirrobxrcter, 107

Nitrogen, 259-65
forms, 264-65

Nitrogen carriers, 303-305

Mitrogen cvele, 5, 6, 105=-108,
261-64
and fenilizer, 341

NMitrogen deficiency, 265

Nitrogen depression period, 135

Nitrogen fixation, 105=107

Mitrogen immobilization, 135-37

Mitrogen the-up, 136-37

Nitragonionas, 107

Monexchangeable jons, 219

MNonpoin source, 176

Nonsymbiotic nitrogen lxation, 106

No-till method, 354-35

and organic production,
compnson, 362

NPDES (National Pollutant
Discharge Elimination System),
334, 422-23

NRCS (Matural Resources
Conservation Service), 52, 33,
395, 452, 435, 435, 437

NRI (Mational Resources Inventory],

16, 183, 383, 433
Nursery field culture, 369-70
Nutrient absorption, 220
Mutrient and water storage, 130
Mutrient availability, 130
Mutrient carriers, 303
Mutrient cycling, 104-108
Mutrient ions, 200
Mutrient losses from manure,
329-30
Nutrient management, 342
Nutrient uptake, 220-24
factors affecting, 222-24
Nutrients, 6, 7
Sew also ndivtdial eniries

o

O horizon, S0
Organic amendments, 32542
animal manure, 320-34
benefits, 325-26
biosolids, 334-36
compost, 330-38
definition, 323
ferilizer and environment,
33842
Organic compounds, 440
Oirganic deposits, 32
Oirganic farming, 361-62
Organic Foods Production Act, 362
Orgaric matter, 98, 124-41
addiiions, 134
definition, 124
Frctors affecting, 127-29
functions, 130-31
and global climaie, 13940

maniaimng, 131-35
fzture, 124-29
and soil fertility, 210
supplving, 113
Organic mulches, 90-91
Qrganic soils, 32, 137-30
Organisms, 34=37
Qsmotic potential, 147
Ovenscley soil, 73, 149
Oxidaticn-reduction reaction, 26,
44243
Oxide clays, 215
Oxides and elemems, 312-13
Cixisols, 51
Oxygen, 7

P

Pans, 86

Parasites, 99

Parent materials, 27, 29-32
Particle d:nsil}' (P, 73

Particulate orgamc matter (IPOM),
127

Passive fraction, 127
Pathogens, human, 335
Pear, 137

Pedology, 23

Pecdon, 24

Peds, 75

Percent base saturation, 220

Perched warer ables,
181, 371

Percolation, 71, 172-73

Perennial forage, 358

Perforation, 379

Perite, 372

Permamnent wilting point, 143

Permeability, 75

Pest control, 356

Pest vectors, 335

pH, soil, 227-28
amending, 377-78
development, 228-32
elfects on plants, 232-35



Index

and element woxicity, 234=35
fertilizer effects on, 321
and nutrient availability,
233-34d
angl =oil organisims, 235
anel sulfur, 247
pH meter, 293, 373
pH scale, 227-28
Phases (sofl classification), 48
Phosphorus, 265-69
deficiency, 268
fonms, 267-68
moventent and upake, 268-68
Plesspliorus carmiers, 305-308
Phosphones index, 340
Plotosynthesis, 6
Plysical guairantee, 242
Physical propeny, of soil, G4
Flysical reactions, 441-42
Physical soil conditions, 346
Phwsical weathering, 25
Plant growith pronsotion
rhizolxicteria, 111
Plant nutrients, 2006=209
Plant nutrition, 259-82
anionic trmee elements, 279=-81
beneficial clemems, 281-82
metallic tmee elemems, 276-79
nitrogen, 259-05
phosphorus, 265-69
’ poassium, 209-72
secondary nuiricms, 272-76
Plant selection
lanclscaping, 375=70
Plant-fewdling nematodes, 116
Plant-sap test, 297
Plant-use eificiency, 174=75
Plary struciure, 78
Plinthite, 86
Plow layer, 42
Plowing
viming and depth of, 352
Podzol soils, 46
Point sources, 176
Pollutams, 335

Folypedon, 24
POM (particulate organic
matler), 127
Poor drainage, 181-82
Pop-up fentilizers, 318
Pore spaces, 8
Potash. See Potassium
Potassium, 2060-72
carriers, 308-309
deficiency, 272
forms, 270-71
movement, 271
Potentiometers, 160, 161, 198
Powed plans
managing salts, 256
Pouting mixes, 371-72
Prairie dog, 121, 122
Precipitation, 166, 210
Precision agriculture, 289-91
Predators, 99
Preferential flow, 155
Pressurized liguids, 301
Prills, 302
Primary consumers, 98
Primary macronutrients, 208
Primary producers, 98
Primary tilllage, 348, 349
Prime farmland, 140
Prismatic structures, 78
Proteins, 125
Protoeoa, 101, 102
Puckdling, 84
Pulverized fentilizers, 302

Q

Quicklime, 2306

R

R horizon, 41

Rain garden, 428

Bainfll and runoff Bactor (R, 304
Rainfall erosivity, 389

Rangeland, 360

Recalcitrant materials, 126
Recharge basins, 428
Reclaimed warer, 175=76
Recreation, 135, 14
and education, 184=85
Redoxymorphic feature, 93
Recd-sedge pear, 138
Reinvest in Minnesota (RIM) pro-
gram, 437
Remote-sensing systems, 54, 291
Reserve acidity, 239
Residual soils, 29
Resistance blocks, 198, 161-62
Respiration, 6
Resirictive layer, depth 1o, 453
Retention ponds, 420
Revised Universal Soil Loss
Equation (RUSLE), 398-99
Rbizobinm, 105, 106, 113, 236
Rhizoctonia, 102
Rhizosphere, 103
Ribbon west, 70=71
Ridlge-till method, 353-54
Rill erosion, 391
RIM (Reinvest in Minneso)
program, 437
Riparian buffers, 404
Rip-rap, 425
River termace, 31
Rocks and minerals, 27-29
Roosevelr, Franklin, 433
R0t
average depth, 199
growth, 9=-10
intergeption, 221-22
water gathering, 156-59
wedging, 26
“Roor ror” fungi, 101=102
Rosette goowth, 279
Row crops, 357
Runolf, 166
capnring, 170=71
reducing, 169=70
RLUISLE (Revised Universal Soil Loss
Equisition), 398-99
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S

Saline, 201-202
Saline seeps, 359
Saline soils, 250-31
Saline-sodic solls, 252
Salt index, 322
Saltztion, 407
Saled soil
characteristics, 250
effects, 248-50
managing, 254-33
reclaiming, 252=-54
Salted water disposal, 235
Salts, 444
Sand, 66
Sapric, 137
Saprophytes, 99
SAR (sodium adsorplion ratio), 251
Saturated flow, 152
Sarurated soil, 7
Saturation, 148
Secondary consumers, 08
Secondary elements, ferilizer, 309
Secondary macronutnients, 208
Secondary nutrients, 272-76
Secondary silicate minerals, 211
Secondary tllage, 348, 340-51
Sediment basins, 426
Sedimentary rock, 28
Seedbed preparation, 348
Seeps, 181
Selecting fertilizer, 314=15
Semiarid climates, 167
Sesquioxides, 215
Sewage sludge, 334
Sheet erosion, 391
Shrink-swell potential, 14
Sidedressing, 319
Silicate clays, 211-15
types, 212-15
Sili, 6768
Silt fence, 425
Simple scheduling, 197
Single-grade Fertilizer, 311

Single grain sail, 77
Site inspection, 454
Site selection
landscaping, 375=76
nursery field culture, 369
Site-specific management, 289-91
Slaked lime, 236
Slope, 37, 389, 453
Slope aspect, 37
Slope factor (LS), 395
Slow-release fertilizers, 302-303
Small grains, 3558
Smectite clay, 214-15
SMT (soal-moisture tension), 146
Snowlall, 172
Sodbuster, 436
Sodic soils, 251-52
Sodium adsorption ratio (SAR), 251
Soft armoring, 424, 425
Soil
acidifying, 2d6=47
agricultural uses, 11-13
and climare, 19-20
imponance of, 1=20
life in, 97-122
as life-supponing layver of
material, 3-6
as medium for plant growth, 6-7
maodified and strucrured soil, 421
and nature, 18-19
nonagriculiucal uses, 13-16
origin and development, 23-42
physical propenties, G4-94
three-phase system, 8-10
Soil aeration, 7
Soil aggregation, 75, 109, 131
Soil aging, 37-38
Soil air, 7
Sobl and Water Conscervation
Districts (SWCDs), 432, 433, 437
Soil animals, 116-22
Soil associmions, 0
Soil body, 24-27
Soil channels, 80
S0il classification, 45-52

Soil color, 91-94
description, 93-04
useful puide, 91-93
Soil conclition, improving, 113-15
S0il conservation, 383412
consequences of erosion,
IB4-87
erosion and climae change,
411-12
water erosion, 387400
wind erosion, 400-11
Soil consistence, 79-80
Soil contamination, 4158=20
Soil cover, 390-91
Soil degrackation, 17
Soil density, 72-75
Soil depth basis, of measuning sail
water content, 160
Soil erodibility factor (K5, 394
Soil Fertility, 2006-24
cation exchange, 215-20
definition, 206
element sources, 209-10
nutrient updake, 220-24
plant nuirients, 200=-200
soil colloids, 211-15
soil minerals, 210
Soil food chain, 98=100
Soil formation, 23, 25, 27
Soil genesis, 23, 26, 27, 29
Soil health, 16=18
Soil horizons, €40
effect, 154-55
symbal suffix, 450-51
Soil improvement, 399
Soil injection, 317
Scil limitation classes, 60-61
Soil loss
calculation, 426-28
Soil management
fruit culture, 368
nursery ficld culiure, 369-70
vegewable culure, 366-67
Soil morrix, 8
Soil minerals, 200-10, 210



Index

Seil moisture, 197-08
managing, 133

Soil orders, 47, 48-52, 44840

Soil organisms, 112=16

Sonl pans, 86-87

Soil particle size, 6%

Soil pitting, 171

Soil pores, 65

Soil porosity, 74-75

Soil preference
for selected trees, 460

sonl profile, 38—42

Soil quality, 16=18

Sail reaction, 227

sonl salinity, 248-50
fenilizer effects on, 322

Soil sampling, 286-92
depth of esting, 287
diagnosis, 201-02
frequency, 286-87
greenhouse and container plants,

285

precision agriculture, 289-91
procedure, 287-80
selecting sampling area, 287

Soil science, 18 :

Soil selection
fruit cultre, 368
nursery field culiure, 369
vegetable culure, 366

S0l separates, G5-08

Soil series, 24, 47485

Soil solution, 7

Soil strength, 80

Soal structure, ?5—.?‘9
formation, 78-79
ypes, 78
and water erosion, 389

Soil surface area, 03

Soil survey, 52-58
definition, 45
repons, 56-37

Soil Taxonomy, 45-47, 203

Soil temperature, 87=91, 37374
managing, 90-91

Soil westing, 286, 202-05
interpretation and recommen-
dation, 295
reasons for, 284-86
soil sampling, 28692
Soil texmore, 64-=72, 453
classes, 68-70, 71-72
determining, 70-71
madifying, 72
and water erosion, 389
Soil tilth, 80-86
Soil wiangle, 68
Soil variability and classification,
415-16
Soil water, 142-62
forces on, 1448
measuring, 159-62
plant use, 142—44
and roots, 156-59
types, 148-50
water retention and movement,
150=55

Soil water content
soil depth basis, 160
volume basis, 159-60
weight basis, 159
Soil-moisture tension (SMT), 146
Soil-water potential, 146—48
Solarization, 113
solid-set irmigation, 193=04
Soluble salis, 248
water quality, 201-203
Solum, 41
Solution, 126, 441
Specific surface area, 63
Sphagnum peat, 138
Splash erosion, 391
Split application, 316
spodosols, 51
Sprinkler irmigation, 192-95
Starch, 125
Saner fenilizers, 266, 316
Stmre ancl local efforts, 437
Steme-gindling roots, 377
Stones, 69

Streprompces, 102

Strip cropping, 171, 401402

Serip-till method, 353

Structureless soil, 77-78

Swhble-mulching, 172

Subgroups, 47

Subirmigation, 189-91

Subarders, 47

Subsidence, 138

Subsoil, 40, 85, 171
compaction, 81

Subsurface drainage, 186-88

Subsurface imigation, 189-91

Sugars, 125

Suitability, land evaluation, 452

Sulfare salus, 309

Sulfur, 275-70

Sulfur cycle, 104

Summer fallow, 359-60

Supplying organic maner, 113

Support practice factor (P), 395

Surface compaction, 81

Surface creep, 407

Surface crusts, 84

Surface dminage, 185-86

Sueface irrgation, 191

Surface roughness, 380-90

Surface water, 168

Suspended solids, 201

Suspension, 301, 407

Susminable agriculiure, 360-62

Swales, 428

Swamp-gas, 112

SWCDs (Soil and Water
Conservation Districts), 432,
433, 437

Symbionts, 100

Symbiosis, L0

Symbiotic nitrogen fxation, 106

Syringing, 173

T

Talus, 32
Tannins, 126
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Taxonomy, 46
Temperature, 4
effects, BO-00
Temporary wiling point. 143
Tensiomelers, 160, 161, 198
Tetraces. 170-71, A404=i0H
Test kits, 292
Thermophilic stage. 337
Thiobacillis, 247
Tillage. 345
definition, 345
equipment, 355
matching 1o soil type, 336
uses, 3458
Tillage pans, 81
Tilth, 80
improving, S4=580
Time, and soil formation, 37-38
Tissue testing, 290-=97
green-tissue test, 297
THNP (to1al neutralizing power), 240
Topdressing, 319
Topography, 37
Topsail, 40
Total newtralizing power
(THP), 290
Toal pore space, 74
Trace elemems, 208, 500
frimed, 309
Transformations (soil-forming
process), 39
Translocations (soil-forming pro-
cessl, A0
Transpiration, 173-74
Transplant solution, 318
Transplanting, 377
Transponed soils, 29
Traveling-gun irrigation, 194
Turf, 379-50

.

Ultisols, 51

United States Depariment of
Agriculiure (USDA), 383, 414

agencies, 432-33
conservation programs, 433=37
cost-sharing, 435
soil classification, 45=46
soil separates, 66
Universal Soil Loss Equation
(USLED, 392, 393-99, 4206, 432
applications, 398
crop residue level, 401
cuation, 394-95
RUSLE, 395-90
sample solution, 395-98
terraces, 400
wlerable soil loss, 393-94
urban erosion, 426
vs, Wind Erosion Equation, 409
Unsaturated flow, 152
Urban erosion
calculating soil loss, 4206-28

controlling and sedimentation,
42228

low impact development,
428-29

and runoff, 422-29

Urdsan soil, 414-29

brown fields, 420

buried debris, 416

characteristics, 415-20

compaction, 417-18

maodified and structured
sail, 421

soil contamination, 418-20

soil variabdlity and classification,

413-16
urbxan erosion and runcff,
422-29
Urhanizaton, 16, 17
LS. See United Swuates
Depanment of Agriculiure
USLE, Spee Universal Soil Loss
Ecpuation

Vv

Viector, puest, 535
Vegetable culture, 305068

Vegerative cover, 300—400
Vermicomposting, 337
Vermiculite, 372
Vermiculite clay, 213
Verical mulching, 376
Vertisols, 51-32

Vitousek, Peter, 341
Voleanie deposits, 32
Volumetnic waler conient,

159=40)

W

Waste disposal, 14-15
Water, 372-73
importance of soil, 5. 6=7
plant use, 142—44
soil origin and development,
31-32
See also Drainage: Imigation
Water available for plams, 453
Water conservation, 165-78
capiuring water in soil, 170-73
consumplive use, 173-75
hydrologic evcle, 16667
reason for, 169-70
reclaimed water, 175=76
water quality, 176-78
Waler content, 159
Water control, 183
Warer erosion, 387-400
controlling, 399-406
process, 387-91
types, 391=92
USLE, 392, 393-90
See also Erosion; Wind erosion
Water intake e, 171=72
Water movement, 151-53
Water pollution, 374
Water cpuality
irrigation, 201-203
waler conservation, 176=78
wetlands, 184
Water removal, 157-59
Wailer resources, 167=70
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preservation, 168

Warer retention, 150-51

Whiter storge, 130

Water stress, 143
effect, 143

Water table, 166

Waterlogged soil, 7

Water-use efficiency, 170

Wattles, 425

Waxes, 126

Weathering, 25

Weed control, 346, 356

Weight basis, of measuring soidl
watler content, 159

WEPS (Wind Erosion Prediction
Sysiemd, 409

WEQ (Wind Ercasion
Eqquation), 408

Wet soils, 79, 185

Werland cdelineation, 183
Wetland hydrology, 183

Wetland Reserve Program (WRF),
435-36

Wellands, 183-85

Weuing front, 153-54

Wheel-move imgation,
194=05

Wildlife habitay, 184

Wind, 31

Wind erosion, 406-11
causes, 407408
critical periods, 410-11
effects, 408
factors, 408409
preventing, 410-11
Lee alzo Erosion; Water erosion

Wind Erosion Equation
CWEQD, 409

Wind Erosion Prediction System
CWEPS), 405

Windbreaks, 174, 175,
410, 411

WRE (Wetland Reserve Program),
435-30

X

Xeric moisture regimes, 203
Xeriscaping, 381

e ————

1

Yields, 169

Z

Zinc, 278




Soil Science &
Management

Edward J. Plaster 5th Edition

Seil Seience and Management, Fifth Edition, emphasizes human interaction
with and effect upon soils, rather than treating the soil as an independent
element. Non-technical and easy-to-understand, Soil Science and Management,
Fifth Edition teaches the essentials of soils from the perspective of farmers,
horticulturalists, environmentalists and others who are concerned about

how soils work and how they can be used more effectively. The focus on
management and the sustainable use of soil and water resources makes it
especially relevant to these audiences. The inclusion of nutrient management,
best practices and relevant legal issues and government programs make this text
a practical application for students. The images have been updated throughout
the text and are now in full color.

New to this edition:

» New full color photographs

+ Expanded coverage of the interaction of soils and climate change

+ In-depth discussion of soils in natural ecosystems, as well as soil and water
management in urban development

= More thorough description of the soil orders based on current
scientific trends

« More thorough coverage of the calculations for application of lime

Features:

+ Provides a readable text suitable for easy comprehension of content

+ Includes abundant color graphics illustrating subjects and concepts

« Presents soil chemistry for students who have not studied much chemistry,
and includes an appendix covering basic chemistry concepts

» Easily accessible information and tables that make it a useful reference

Also available from Delmar, Cengage Learning:

Soil Science

ESEN-10: 1-4150-0081-7 ISBN-10: 1-4180-5037-7 ISBN-10: 9-PEE2-4386-5 ISEN-10; O-PRE3-4368-1
ISEN-13:978-1-4180-0081-3  ISEN-13:978-1-41B0-5037-5  ISEN-13: 978-0-PEE2-42E8-1 ISEN-13: 570-0-PRS4-4760-7

L-4LA

03

GE Learning

dsit agriculture, delmar.cengage.com

DELMAR 1l “ﬂ

]

al cengage com GEFR141E



	image00001.pdf (p.1)
	image00004.pdf (p.2)
	image00005.pdf (p.3)
	image00008.pdf (p.4)
	image00009.pdf (p.5)
	image00010.pdf (p.6)
	image00011.pdf (p.7)
	image00012.pdf (p.8)
	image00013.pdf (p.9)
	image00014.pdf (p.10)
	image00016.pdf (p.11)
	image00017.pdf (p.12)
	image00020.pdf (p.13)
	image00021.pdf (p.14)
	image00022.pdf (p.15)
	image00023.pdf (p.16)
	image00024.pdf (p.17)
	image00025.pdf (p.18)
	image00026.pdf (p.19)
	image00027.pdf (p.20)
	image00028.pdf (p.21)
	image00029.pdf (p.22)
	image00030.pdf (p.23)
	image00031.pdf (p.24)
	image00032.pdf (p.25)
	image00033.pdf (p.26)
	image00034.pdf (p.27)
	image00035.pdf (p.28)
	image00036.pdf (p.29)
	image00037.pdf (p.30)
	image00038.pdf (p.31)
	image00039.pdf (p.32)
	image00040.pdf (p.33)
	image00041.pdf (p.34)
	image00044.pdf (p.35)
	image00045.pdf (p.36)
	image00046.pdf (p.37)
	image00047.pdf (p.38)
	image00048.pdf (p.39)
	image00049.pdf (p.40)
	image00050.pdf (p.41)
	image00051.pdf (p.42)
	image00052.pdf (p.43)
	image00053.pdf (p.44)
	image00054.pdf (p.45)
	image00055.pdf (p.46)
	image00056.pdf (p.47)
	image00057.pdf (p.48)
	image00058.pdf (p.49)
	image00059.pdf (p.50)
	image00060.pdf (p.51)
	image00061.pdf (p.52)
	image00062.pdf (p.53)
	image00063.pdf (p.54)
	image00064.pdf (p.55)
	image00065.pdf (p.56)
	image00068.pdf (p.57)
	image00069.pdf (p.58)
	image00070.pdf (p.59)
	image00071.pdf (p.60)
	image00072.pdf (p.61)
	image00073.pdf (p.62)
	image00074.pdf (p.63)
	image00075.pdf (p.64)
	image00076.pdf (p.65)
	image00077.pdf (p.66)
	image00078.pdf (p.67)
	image00079.pdf (p.68)
	image00080.pdf (p.69)
	image00081.pdf (p.70)
	image00082.pdf (p.71)
	image00083.pdf (p.72)
	image00084.pdf (p.73)
	image00085.pdf (p.74)
	image00086.pdf (p.75)
	image00089.pdf (p.76)
	image00090.pdf (p.77)
	image00091.pdf (p.78)
	image00092.pdf (p.79)
	image00093.pdf (p.80)
	image00094.pdf (p.81)
	image00095.pdf (p.82)
	image00096.pdf (p.83)
	image00097.pdf (p.84)
	image00098.pdf (p.85)
	image00099.pdf (p.86)
	image00100.pdf (p.87)
	image00101.pdf (p.88)
	image00102.pdf (p.89)
	image00103.pdf (p.90)
	image00104.pdf (p.91)
	image00105.pdf (p.92)
	image00106.pdf (p.93)
	image00107.pdf (p.94)
	image00108.pdf (p.95)
	image00109.pdf (p.96)
	image00110.pdf (p.97)
	image00111.pdf (p.98)
	image00112.pdf (p.99)
	image00113.pdf (p.100)
	image00114.pdf (p.101)
	image00115.pdf (p.102)
	image00116.pdf (p.103)
	image00117.pdf (p.104)
	image00118.pdf (p.105)
	image00119.pdf (p.106)
	image00120.pdf (p.107)
	image00121.pdf (p.108)
	image00124.pdf (p.109)
	image00125.pdf (p.110)
	image00126.pdf (p.111)
	image00127.pdf (p.112)
	image00128.pdf (p.113)
	image00129.pdf (p.114)
	image00130.pdf (p.115)
	image00131.pdf (p.116)
	image00132.pdf (p.117)
	image00133.pdf (p.118)
	image00134.pdf (p.119)
	image00135.pdf (p.120)
	image00136.pdf (p.121)
	image00137.pdf (p.122)
	image00138.pdf (p.123)
	image00139.pdf (p.124)
	image00140.pdf (p.125)
	image00141.pdf (p.126)
	image00142.pdf (p.127)
	image00143.pdf (p.128)
	image00144.pdf (p.129)
	image00145.pdf (p.130)
	image00146.pdf (p.131)
	image00147.pdf (p.132)
	image00148.pdf (p.133)
	image00149.pdf (p.134)
	image00150.pdf (p.135)
	image00151.pdf (p.136)
	image00153.pdf (p.137)
	image00154.pdf (p.138)
	image00155.pdf (p.139)
	image00156.pdf (p.140)
	image00157.pdf (p.141)
	image00158.pdf (p.142)
	image00159.pdf (p.143)
	image00160.pdf (p.144)
	image00161.pdf (p.145)
	image00162.pdf (p.146)
	image00163.pdf (p.147)
	image00164.pdf (p.148)
	image00165.pdf (p.149)
	image00166.pdf (p.150)
	image00167.pdf (p.151)
	image00168.pdf (p.152)
	image00169.pdf (p.153)
	image00170.pdf (p.154)
	image00171.pdf (p.155)
	image00172.pdf (p.156)
	image00173.pdf (p.157)
	image00174.pdf (p.158)
	image00175.pdf (p.159)
	image00176.pdf (p.160)
	image00177.pdf (p.161)
	image00178.pdf (p.162)
	image00179.pdf (p.163)
	image00180.pdf (p.164)
	image00181.pdf (p.165)
	image00182.pdf (p.166)
	image00183.pdf (p.167)
	image00184.pdf (p.168)
	image00185.pdf (p.169)
	image00186.pdf (p.170)
	image00187.pdf (p.171)
	image00188.pdf (p.172)
	image00189.pdf (p.173)
	image00190.pdf (p.174)
	image00191.pdf (p.175)
	image00192.pdf (p.176)
	image00193.pdf (p.177)
	image00194.pdf (p.178)
	image00195.pdf (p.179)
	image00196.pdf (p.180)
	image00197.pdf (p.181)
	image00198.pdf (p.182)
	image00199.pdf (p.183)
	image00200.pdf (p.184)
	image00201.pdf (p.185)
	image00202.pdf (p.186)
	image00203.pdf (p.187)
	image00204.pdf (p.188)
	image00205.pdf (p.189)
	image00206.pdf (p.190)
	image00207.pdf (p.191)
	image00208.pdf (p.192)
	image00209.pdf (p.193)
	image00210.pdf (p.194)
	image00211.pdf (p.195)
	image00212.pdf (p.196)
	image00213.pdf (p.197)
	image00214.pdf (p.198)
	image00215.pdf (p.199)
	image00216.pdf (p.200)
	image00217.pdf (p.201)
	image00218.pdf (p.202)
	image00219.pdf (p.203)
	image00220.pdf (p.204)
	image00221.pdf (p.205)
	image00222.pdf (p.206)
	image00223.pdf (p.207)
	image00224.pdf (p.208)
	image00225.pdf (p.209)
	image00226.pdf (p.210)
	image00227.pdf (p.211)
	image00228.pdf (p.212)
	image00229.pdf (p.213)
	image00230.pdf (p.214)
	image00231.pdf (p.215)
	image00232.pdf (p.216)
	image00233.pdf (p.217)
	image00234.pdf (p.218)
	image00235.pdf (p.219)
	image00236.pdf (p.220)
	image00237.pdf (p.221)
	image00238.pdf (p.222)
	image00239.pdf (p.223)
	image00240.pdf (p.224)
	image00241.pdf (p.225)
	image00242.pdf (p.226)
	image00243.pdf (p.227)
	image00244.pdf (p.228)
	image00245.pdf (p.229)
	image00246.pdf (p.230)
	image00247.pdf (p.231)
	image00248.pdf (p.232)
	image00249.pdf (p.233)
	image00250.pdf (p.234)
	image00252.pdf (p.235)
	image00253.pdf (p.236)
	image00254.pdf (p.237)
	image00255.pdf (p.238)
	image00256.pdf (p.239)
	image00257.pdf (p.240)
	image00258.pdf (p.241)
	image00259.pdf (p.242)
	image00260.pdf (p.243)
	image00261.pdf (p.244)
	image00262.pdf (p.245)
	image00263.pdf (p.246)
	image00264.pdf (p.247)
	image00265.pdf (p.248)
	image00266.pdf (p.249)
	image00267.pdf (p.250)
	image00268.pdf (p.251)
	image00269.pdf (p.252)
	image00270.pdf (p.253)
	image00271.pdf (p.254)
	image00272.pdf (p.255)
	image00273.pdf (p.256)
	image00274.pdf (p.257)
	image00275.pdf (p.258)
	image00276.pdf (p.259)
	image00277.pdf (p.260)
	image00278.pdf (p.261)
	image00279.pdf (p.262)
	image00280.pdf (p.263)
	image00281.pdf (p.264)
	image00282.pdf (p.265)
	image00283.pdf (p.266)
	image00284.pdf (p.267)
	image00285.pdf (p.268)
	image00286.pdf (p.269)
	image00287.pdf (p.270)
	image00288.pdf (p.271)
	image00289.pdf (p.272)
	image00290.pdf (p.273)
	image00291.pdf (p.274)
	image00292.pdf (p.275)
	image00293.pdf (p.276)
	image00294.pdf (p.277)
	image00295.pdf (p.278)
	image00296.pdf (p.279)
	image00297.pdf (p.280)
	image00298.pdf (p.281)
	image00299.pdf (p.282)
	image00300.pdf (p.283)
	image00301.pdf (p.284)
	image00302.pdf (p.285)
	image00303.pdf (p.286)
	image00304.pdf (p.287)
	image00305.pdf (p.288)
	image00306.pdf (p.289)
	image00307.pdf (p.290)
	image00308.pdf (p.291)
	image00309.pdf (p.292)
	image00310.pdf (p.293)
	image00311.pdf (p.294)
	image00312.pdf (p.295)
	image00313.pdf (p.296)
	image00314.pdf (p.297)
	image00315.pdf (p.298)
	image00316.pdf (p.299)
	image00317.pdf (p.300)
	image00318.pdf (p.301)
	image00319.pdf (p.302)
	image00320.pdf (p.303)
	image00321.pdf (p.304)
	image00322.pdf (p.305)
	image00323.pdf (p.306)
	image00324.pdf (p.307)
	image00325.pdf (p.308)
	image00326.pdf (p.309)
	image00327.pdf (p.310)
	image00328.pdf (p.311)
	image00329.pdf (p.312)
	image00330.pdf (p.313)
	image00331.pdf (p.314)
	image00332.pdf (p.315)
	image00333.pdf (p.316)
	image00334.pdf (p.317)
	image00335.pdf (p.318)
	image00336.pdf (p.319)
	image00337.pdf (p.320)
	image00338.pdf (p.321)
	image00339.pdf (p.322)
	image00340.pdf (p.323)
	image00341.pdf (p.324)
	image00342.pdf (p.325)
	image00343.pdf (p.326)
	image00344.pdf (p.327)
	image00345.pdf (p.328)
	image00346.pdf (p.329)
	image00347.pdf (p.330)
	image00348.pdf (p.331)
	image00349.pdf (p.332)
	image00350.pdf (p.333)
	image00351.pdf (p.334)
	image00352.pdf (p.335)
	image00353.pdf (p.336)
	image00354.pdf (p.337)
	image00355.pdf (p.338)
	image00356.pdf (p.339)
	image00357.pdf (p.340)
	image00358.pdf (p.341)
	image00359.pdf (p.342)
	image00360.pdf (p.343)
	image00361.pdf (p.344)
	image00362.pdf (p.345)
	image00363.pdf (p.346)
	image00364.pdf (p.347)
	image00365.pdf (p.348)
	image00366.pdf (p.349)
	image00367.pdf (p.350)
	image00368.pdf (p.351)
	image00369.pdf (p.352)
	image00370.pdf (p.353)
	image00371.pdf (p.354)
	image00372.pdf (p.355)
	image00373.pdf (p.356)
	image00374.pdf (p.357)
	image00375.pdf (p.358)
	image00376.pdf (p.359)
	image00377.pdf (p.360)
	image00378.pdf (p.361)
	image00379.pdf (p.362)
	image00380.pdf (p.363)
	image00381.pdf (p.364)
	image00382.pdf (p.365)
	image00383.pdf (p.366)
	image00384.pdf (p.367)
	image00385.pdf (p.368)
	image00386.pdf (p.369)
	image00387.pdf (p.370)
	image00388.pdf (p.371)
	image00389.pdf (p.372)
	image00390.pdf (p.373)
	image00391.pdf (p.374)
	image00392.pdf (p.375)
	image00393.pdf (p.376)
	image00394.pdf (p.377)
	image00395.pdf (p.378)
	image00396.pdf (p.379)
	image00397.pdf (p.380)
	image00398.pdf (p.381)
	image00399.pdf (p.382)
	image00400.pdf (p.383)
	image00401.pdf (p.384)
	image00402.pdf (p.385)
	image00403.pdf (p.386)
	image00404.pdf (p.387)
	image00405.pdf (p.388)
	image00406.pdf (p.389)
	image00407.pdf (p.390)
	image00408.pdf (p.391)
	image00409.pdf (p.392)
	image00410.pdf (p.393)
	image00411.pdf (p.394)
	image00412.pdf (p.395)
	image00413.pdf (p.396)
	image00414.pdf (p.397)
	image00415.pdf (p.398)
	image00416.pdf (p.399)
	image00417.pdf (p.400)
	image00418.pdf (p.401)
	image00419.pdf (p.402)
	image00420.pdf (p.403)
	image00421.pdf (p.404)
	image00422.pdf (p.405)
	image00423.pdf (p.406)
	image00424.pdf (p.407)
	image00425.pdf (p.408)
	image00426.pdf (p.409)
	image00427.pdf (p.410)
	image00428.pdf (p.411)
	image00429.pdf (p.412)
	image00430.pdf (p.413)
	image00431.pdf (p.414)
	image00432.pdf (p.415)
	image00433.pdf (p.416)
	image00434.pdf (p.417)
	image00435.pdf (p.418)
	image00436.pdf (p.419)
	image00437.pdf (p.420)
	image00438.pdf (p.421)
	image00439.pdf (p.422)
	image00440.pdf (p.423)
	image00441.pdf (p.424)
	image00442.pdf (p.425)
	image00443.pdf (p.426)
	image00444.pdf (p.427)
	image00445.pdf (p.428)
	image00446.pdf (p.429)
	image00447.pdf (p.430)
	image00448.pdf (p.431)
	image00449.pdf (p.432)
	image00450.pdf (p.433)
	image00451.pdf (p.434)
	image00452.pdf (p.435)
	image00453.pdf (p.436)
	image00454.pdf (p.437)
	image00455.pdf (p.438)
	image00456.pdf (p.439)
	image00457.pdf (p.440)
	image00458.pdf (p.441)
	image00459.pdf (p.442)
	image00460.pdf (p.443)
	image00461.pdf (p.444)
	image00462.pdf (p.445)
	image00463.pdf (p.446)
	image00464.pdf (p.447)
	image00465.pdf (p.448)
	image00466.pdf (p.449)
	image00467.pdf (p.450)
	image00468.pdf (p.451)
	image00469.pdf (p.452)
	image00470.pdf (p.453)
	image00471.pdf (p.454)
	image00472.pdf (p.455)
	image00473.pdf (p.456)
	image00474.pdf (p.457)
	image00475.pdf (p.458)
	image00476.pdf (p.459)
	image00477.pdf (p.460)
	image00478.pdf (p.461)
	image00479.pdf (p.462)
	image00480.pdf (p.463)
	image00481.pdf (p.464)
	image00482.pdf (p.465)
	image00483.pdf (p.466)
	image00484.pdf (p.467)
	image00485.pdf (p.468)
	image00486.pdf (p.469)
	image00487.pdf (p.470)
	image00488.pdf (p.471)
	image00489.pdf (p.472)
	image00490.pdf (p.473)
	image00492.pdf (p.474)
	image00493.pdf (p.475)
	image00494.pdf (p.476)
	image00495.pdf (p.477)
	image00496.pdf (p.478)
	image00497.pdf (p.479)
	image00498.pdf (p.480)
	image00499.pdf (p.481)
	image00500.pdf (p.482)
	image00501.pdf (p.483)
	image00502.pdf (p.484)
	image00503.pdf (p.485)
	image00504.pdf (p.486)
	image00505.pdf (p.487)
	image00506.pdf (p.488)
	image00507.pdf (p.489)
	image00508.pdf (p.490)
	image00509.pdf (p.491)
	image00510.pdf (p.492)
	image00512.pdf (p.493)
	image00513.pdf (p.494)
	image00514.pdf (p.495)
	image00515.pdf (p.496)
	image00516.pdf (p.497)
	image00517.pdf (p.498)
	image00518.pdf (p.499)
	image00519.pdf (p.500)
	image00520.pdf (p.501)
	image00521.pdf (p.502)
	image00522.pdf (p.503)
	image00523.pdf (p.504)

