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PREFACE

Used to be anybody could farm. All you needed was a strong back ... but nowadays you need a good

education to understand all the advice you get so you can pick out what’ll do you the least harm.

VERMONT SAYING, MID-1900s

We have written this book with farmers, farm advi-
sors, students and gardeners in mind, although we have
also found copies of earlier editions on the bookshelves
of many of our colleagues in science. Building Soils for
Better Crops is a practical guide to ecological soil man-
agement that provides background information as well
as details of soil-improving practices. This book is meant
to give the reader a holistic appreciation of the importance
of soil health and to suggest ecologically sound practices
that help to develop and maintain healthy soils.

Building Soils for Better Crops has evolved over
time. The first edition focused exclusively on the man-
agement of soil organic matter. It is the central com-
ponent of healthy soils, and if you follow practices that
build and maintain good levels of soil organic matter,
you will find it easier to grow healthy and high-yielding
crops. Plants can better withstand droughty conditions
and won'’t be as bothered by insects and diseases. By
maintaining adequate levels of organic matter in soil,
you have less reason to use as much commercial fertil-
izer, lime and pesticides as many farmers now purchase.
Soil organic matter is that important. The second edition
expanded the scope to other aspects of soil management
and became recognized as a highly influential book that
inspired many towards holistic soil health management.

The third edition was rewritten, expanded with new
chapters, and had broader geographical scope; it evolved
into a more comprehensive treatise of sustainable soil
management for a global audience. Since its publication
in 2009, the understanding and promotion of soil health
and more holistic approaches to managing crops and
soils has truly taken off. We now have numerous major
soil health initiatives by governments and NGOs in the
United States and around the world.

The fourth edition provides critical updates to reflect
the new science and many new exciting developments in
soil health. It still has a primary perspective on farming
and soils in the United States, but we further expanded
the global scope and included a new chapter on growing
plants in urban environments.

A book like this one cannot give exact answers to
problems on specific farms. In fact, we purposely stay
away from prescriptive approaches. There are just too
many differences from one field to another, one farm to
another, and one region to another, to warrant blan-
ket recommendations. To make specific suggestions,
it is necessary to know the details of the soil, crop,
climate, machinery, human considerations and other
variable factors. Good soil management is knowledge
intensive and needs to be adaptive. It is better achieved
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PREFACE

through education and understanding than with simple
recommendations.

Over many millennia, people have struggled with
the same issues of maintaining soil productivity as we
struggle with today. We quote some of these people in
many of the epigraphs at the beginning of each chap-
ter in appreciation for those who have come before.
Vermont Agricultural Experiment Station Bulletin No.
135, published in 1908, is especially fascinating; it con-
tains an article by three scientists about the importance
of soil organic matter that is strikingly modern in many
ways. The message of Edward Faulkner’s Plowman’s
Folly—that reduced tillage and increased use of organic
residues are essential to improving soil—is as valid today
as it was in 1943 when it was first published. And let’s
not forget the first textbook of soil management, Jethro
Tull’s A Horse-Hoeing Husbandry, or an Essay on the
Principles of Tillage and Vegetation, first published in
1731. Although it discusses now-refuted concepts, like
the need for intensive tillage, it also contains the blue-
prints for modern seed drills and crop rotations. The
saying is right: what goes around comes around. Sources
are cited at the end of each chapter and at the end of the
book, although what’s provided is not a comprehensive
list of references on the subject.

Many people reviewed individual chapters for
this edition or the entire manuscript at one stage
or another and made very useful suggestions. We
would like to thank Anthony Bly, Tom Bruulsema,
Dennis Chessman, Doug Collins, Willie Durham, Alan
Franzluebbers, Julia Gaskin, Vern Grubinger, Joel
Gruver, Ganga Hettiarachchi, Jim Hoorman, Tom
Jensen, Zahangir Kabir, Doug Karlen, Carl Koch,

Peter Kyveryga, Doug Landblom, Matt Leibman,
Kate MacFarland, Teresa Matteson, Tai McClellan

Maaz, Justin Morris, Rob Myers, Doug Peterson, Heidi
Peterson, Sarah Pethybridge, Steve Phillips, Matt Ryan,
Paul Salon, Brandon Smith, John Spargo, Diane Stott,
Candy Thomas, Sharon Weyers, Charlie White and
Marlon Winger.

We recognize colleagues who provided photos in the
figure captions, and we are grateful for their contribu-
tions. All other photos are our own or are in the public
domain. We also acknowledge some of our colleagues—
Bob Schindelbeck, Joseph Amsili, Jean Bonhotal,
George Abawi, David Wolfe, Omololu (John) Idowu,
Bianca and Dan Moebius-Clune, Ray Weil, Nina Bassuk,
and Rich Bartlett (deceased)—as well as many of our
former students and postdocs, who have made contribu-
tions or whose ideas, insights and research have helped
shape our understanding of the subject. And we thank
our wives, Amy Demarest and Cindy van Es, for their
patience and encouragement during the writing of this
book. Any mistakes are, of course, ours alone.

A final note about units of measure. Agricultural
practitioners are notorious for using different units
around the world, like bushels, quintals, hectares,
acres, manzanas, and imperial or metric tons. This book
has an expanding global audience, and many readers
outside North America, and scientists like us, would
perhaps prefer the use of metric units. But we decided
to maintain the use of imperial units in the book for the
convenience of our original target audience. We trust
that it does not excessively distract from your reading
experience and that readers will make the conversions
when the numbers really matter.

Fred Magdoff, University of Vermont
Harold van Es, Cornell University

January 2021
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INTRODUCTION

... it is our work with living soil that provides sustainable alternatives to the triple crises of climate, energy,

and food. No matter how many songs on your [smartphone], cars in your garage, or books on your shelf, it is

plants’ ability to capture solar energy that is at the root of it all. Without fertile soil, what is life?

—VANDANA SHIVA, 2008

Throughout history, humans have worked the fields,
and land degradation has been a common occurrence.
Many civilizations have disintegrated from unsus-
tainable land use, including the cultures of the Fertile
Crescent in the Middle East, where the agricultural
revolution first began about 10,000 years ago. The 2015
Status of the World's Soil Resources report produced
by FAO’s Intergovernmental Technical Panel on Soils
raised global awareness on soil’s fundamental role for
life on earth but estimated that 33 percent of land is
moderately to highly degraded, and it is getting worse.
The report identified 10 main threats to soil’s ability to
function: soil erosion, soil organic matter loss, nutri-
ent imbalance, soil acidification, soil contamination,
waterlogging, soil compaction, soil sealing, salinization
and loss of soil biodiversity. The current trajectories
have potentially catastrophic consequences and millions
of people are at risk, especially in some of the most vul-
nerable regions. Moreover, this has become much more
relevant as soils are critical environmental buffers in a
world that sees its climate rapidly changing.

In the past, humankind survived because people
developed new lands for growing food. But a few
decades ago the total amount of agricultural land
actually began to decline because new land could no
longer compensate for the loss of old land retired from
agriculture due to degradation or due to its use for
urban, suburban and commercial development. The
loss of agricultural land combined with three current

Figure L.1. Reaching the limits: Marginal rocky land is put into production
in Africa.

trends—increasing populations; greater consumption

of animal products produced in large-scale facilities,
which creates less-efficient use of crop nutrients; and
expanding acreages for biofuel crops—strains our ability
to produce sufficient food for the people of the world.
We have now reached a point where we are expanding
into marginal lands like shallow hillsides and arid areas,
which are very fragile and can degrade rapidly (Figure
1.1). Another area of agricultural expansion is virgin
savannah and tropical rainforest, which are the last rem-
nants of unspoiled and biologically rich land and help
moderate climate change. The rate of deforestation at
this time is very disconcerting: if continued at this level,
there will be little virgin forest left by the middle of the
century. We must face the reality that we are running
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INTRODUCTION

out of land and need to use the agricultural land we have

more productively. We have already seen hunger and
civil strife over limited land resources and productivity,
and global food crises are a regular occurrence. Some

countries with limited water or arable land are purchas-
ing or leasing land in other countries to produce food for

the “home” market, and investors are obtaining land in
Africa, Southeast Asia and Latin America.
Nevertheless, human ingenuity has helped us
overcome many agricultural challenges, and one of the
truly modern miracles is our agricultural system, which
produces abundant food. High yields often come from
the use of improved crop varieties, fertilizers, pest con-
trol products and irrigation. These yields have resulted
in food security for much of the developed world. At
the same time, mechanization and the ever-improving
capacity of field equipment allow farmers to work an
increasing amount of acreage. But we have also spectac
ularly altered the flows of organic matter and nutrients
in an era when agricultural commodities are shipped
across continents and oceans. Despite the high produc-
tivity per acre and per person, many farmers, agricul-
tural scientists and Extension specialists see severe
problems associated with our intensive agricultural
production systems. Examples abound:
«  With conventional agricultural practices heavily de-

pendent on fossil fuels, unpredictable swings in their

prices affect farmers’ net income.

« Prices farmers receive and food prices in retail stores
fluctuate in response to both supply and demand, as

well as to speculation in the futures markets.

« Increasing specialization of agriculture and geo-
graphical separation of grain and livestock produc-
tion areas—even the diversion of food and animal

feed crops to ethanol and biodiesel production—have

reduced the natural cycling of carbon and nutrients

causes elevated nitrate concentrations in streams
and groundwater. These concentrations can become
high enough to pose a human health hazard. Many
of the biologically rich estuaries and where riv-

ers flow into seas around the world—the Gulf of
Mexico, Baltic Sea and increasingly other areas—

are hypoxic (have low oxygen levels) during late
summer months due to nitrogen enrichment from
agricultural sources.

Phosphate and nitrate in runoff and drainage water
enter freshwater bodies and degrade their quality by
stimulating algae growth.

Antibiotics used to fight diseases in confined,
concentrated farm animals, or used just to promote
growth, can enter the food chain and may be found
in the meat we eat. Perhaps even more important:
their overuse on farms where large numbers of ani-
mals are crowded together has resulted in outbreaks
of human illness from strains of disease-causing bac-
teria that have become resistant to many antibiotics.
Erosion associated with conventional tillage and lack
of good rotations degrades our precious soil and, at
the same time, causes reservoirs, ponds and lakes to
silt up.

Soil compaction by large equipment reduces water
infiltration and increases runoff, thereby increasing
flooding while at the same time making soils more
drought prone.

Agriculture, as it expanded into desert regions, has
become by far the largest consumer of fresh water. In
many parts of the world groundwater is being used
for agriculture faster than nature can replenish it.
This is a global phenomenon, with over half of the
largest aquifers and rivers in the world being exploit-
ed at rates exceeding recharge.

The whole modern system of agriculture and food

with severe consequences for soil health and water is based on extensive fossil fuel use: to make and power

and air quality. large field equipment, produce fertilizers and pesticides,

e Too much nitrogen fertilizer or animal manure often dry grains, process food products, and transport them

X
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over long distances. With the declining production from
easily extractable oil and gas, there has been a greater
dependence on sources that are more difficult to extract,
such as deep wells in the oceans, the tar sands of Canada
and a number of shale deposits (accessed by hydraulic
fracturing of the rock). All of these sources have signifi-
cant negative effects on soil, water, air and climate. With
the price of crude oil fluctuating but tending to be much
greater than in the 20th century, and with the current
relatively low price of natural gas dependent on a pol-
luting industry (water pollution and methane emissions
with hydraulic fracturing), the economics of the “mod-
ern” agricultural system need to be reevaluated.

The food we eat and our surface and groundwaters
are sometimes contaminated with disease-causing
organisms and chemicals used in agriculture. Pesticides
used to control insects, weeds and plant diseases can be
found in foods, animal feeds, groundwater and sur-
face water running off agricultural fields. Farmers and
farmworkers are at special risk. Studies have shown
higher cancer rates among those who work with or near
certain pesticides. Children in areas where pesticides are
used extensively are also at risk of having developmental
problems. When considered together, the costs from
these inadvertent byproducts of agriculture are huge.
More than a decade ago, the negative effects on wildlife,
natural resources, human health and biodiversity in the
United States were estimated to cost between $6 billion
and $17 billion per year. The general public is increas-
ingly demanding safe, high-quality food that is produced
without excessive damage to the environment—and
many are willing to pay a premium to obtain it.

To add to the problems, farmers are in a perpetual
struggle to maintain a decent standard of living. The
farmer’s bargaining position has weakened as corporate
consolidations and other changes occur with the agri-
cultural input (seeds, fertilizers, pesticides, equipment,
etc.), food processing and marketing sectors. For many
years the high cost of purchased inputs and the low

Xi

prices of many agricultural commaodities, such as wheat,
corn, cotton and milk, caught farmers in a cost-price
squeeze that made it hard to run a profitable farm. As
some farms go out of business, this dynamic has favored
the expansion of production among remaining farmers
seeking physical and economic advantages of scale.

Given these problems, you might wonder if we
should continue to farm in the same way. A major effort
is under way by farmers, Extension educators and
researchers to develop and implement practices that are
both more environmentally sound than conventional
practices and, at the same time, more economically
rewarding for farmers. As farmers use management
skills and better knowledge to work more closely with
the biological world and with the consumer, they fre-
quently find that there are ways to increase profitability
by decreasing the use of inputs purchased off the farm
and by selling directly to the end user.

Governments have played an ambiguous role in
promoting sustainability in agriculture. Many promoted
certain types of farming and production practices that
worsened the problems, for example through fertilizer
subsidies, crop insurance schemes and price guarantees.
But governments also pour funds into conservation
programs (especially in the United States), require
good farming practices for receiving subsidies (espe-
cially Europe) and establish farming standards (e.g., for
organic production and for fertilizer and pesticide use).
A new bright spot is that private-sector sustainability
initiatives in agriculture are gaining ground. The general
public is increasingly aware of the aforementioned
issues and is demanding change. Several large con-
sumer-facing retail and food companies (many that are
international) therefore see a benefit from projecting an
image of corporate sustainability. They are using supply
chain management approaches to work with agricultural
businesses and farmers to promote environmentally
compatible farming. Indeed, the entire agriculture and
food sector benefits when it becomes more sustainable,
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and there are numerous win-win opportunities to reduce
waste and inefficiencies while helping farmers become
more profitable over the long run.

SOIL HEALTH INTEGRAL TO SUSTAINABLE AGRICULTURE
You might wonder how soil health fits into all this.

It turns out that it is a key aspect of agricultural
sustainability because soils are foundational to the
food production system while also providing other
critical services related to water, air and climate.

With the new emphasis on sustainable agriculture
comes a reawakening of interest in soil health. Early
scientists, farmers and gardeners were well aware of
the importance of soil quality and organic matter to the
productivity of soil after they saw fertile lands become
unproductive. The significance of soil organic matter,
including living organisms in the soil, was understood
by scientists at least as far back as the 17th century.
John Evelyn, writing in England during the 1670s,
described the importance of topsoil and explained that
the productivity of soils tended to be lost with time.

He noted that their fertility could be maintained by
adding organic residues. Charles Darwin, the great
natural scientist of the 19th century who developed the
modern theory of evolution, studied and wrote about the
importance of earthworms to nutrient cycling and the
general fertility of the soil.

Around the turn of the 20th century, there was
again an appreciation of the importance of soil health.
Scientists realized that “worn-out” soils, whose produc-
tivity had drastically declined, resulted mainly from the
depletion of soil organic matter. At the same time, they
could see a transformation coming: Although organic
matter was “once extolled as the essential soil ingredi-
ent, the bright particular star in the firmament of the
plant grower, it fell like Lucifer” under the weight of
“modern” agricultural ideas (Hills, Jones, and Cutler,
1908). With the availability of inexpensive fertilizers and
larger farm equipment after World War II, and with the

availability of cheap water for irrigation in dry regions,
many people forgot or ignored the importance of organic
matter in promoting high-quality soils. In fact, the trad-
ing of agricultural commodities in a global economy cre-
ated a serious imbalance, with some production regions
experiencing severe organic matter losses while others
had too much. For example, in specialized grain produc-
tion, most of the organic matter and nutrients—basic
ingredients for soil health—are harvested and routinely
shipped off the farm to feed livestock or to be indus-
trially processed many miles away, sometimes across
continents or oceans. They are never returned to the
same production fields, and moreover the carbon and
nutrients pose problems at their destinations because
the soils became overloaded.

As farmers and scientists were placing less empha-
sis on soil organic matter during the last half of the
20th century, farm machinery was also getting larger.

“[Organic matter was] once extolled as
the essential soil ingredient, the bright particular

star in the firmament of the plant grower. ...”

More horsepower for tractors allowed more land to be
worked by fewer people. Large four-wheel-drive tractors
allowed farmers to do field work when the soil was wet,
creating severe compaction and sometimes leaving the
soil in a cloddy condition, requiring more harrowing
than otherwise would be needed. The moldboard plow
was regarded as a beneficial tool in 19th and early 20th
century agriculture that helped break virgin sod and
controlled perennial weeds, but with repeated use it
became a source of soil degradation by breaking down
soil structure and leaving no residues on the surface.
Soils were left bare and very susceptible to wind and
water erosion. As farm sizes increased, farmers needed
heavier manure and fertilizer spreaders as well as more
passes through the field to prepare a seedbed, plant,
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spray pesticides and harvest, both of which created more
soil compaction.

A new logic developed that most soil-related prob-
lems could be dealt with by increasing external inputs.
This is a reactive way of dealing with soil issues—you
respond after seeing a “problem” in the field. If a soil is
deficient in some nutrient, you buy fertilizer and spread
it on the soil. If a soil doesn’t store enough rainfall, all
you need is irrigation. If a soil becomes too compacted
and water or roots can’t easily penetrate, you use a big
implement to tear it open. If a plant disease or insect
infestation occurs, you apply a pesticide. But are these
really individual and unrelated problems? Perhaps they
are better viewed as symptoms of a deeper, underlying
problem. The ability to tell the difference between what
is the underlying problem and what is only a symptom
of a problem is essential to deciding on the best course
of action. For example, if you are hitting your head
against a wall and you get a headache, is the problem
the headache and is aspirin the best remedy? Clearly,
the real problem is your behavior, not the headache, and
the best solution is to stop banging your head against
the wall!

What many people think are individual problems
may just be symptoms of a degraded, poor-quality soil,
which in turn is often related to the general way it is
farmed. These symptoms are usually directly related

What many people think are individual
problems may just be symptoms of

a degraded, poor-quality soil.

to soil organic matter depletion, lack of a thriving and
diverse population of soil organisms, chemical pollu-
tion or compaction caused by heavy field equipment.
Farmers have been encouraged to react to individual
symptoms instead of focusing their attention on general
soil health management. A different approach—agro-
ecology—is gaining wider acceptance, implementing

farming practices that take advantage of the inher-
ent strengths of natural systems and aiming to cre-
ate healthy soils. In this way, farmers prevent many
symptoms of unhealthy soils from developing, instead
of reacting after they develop and trying to overcome
them through expensive inputs. If we are to work
together with nature rather than attempt to overwhelm
and dominate it, then building and maintaining good
levels of organic matter in our soils are as critical as
managing physical conditions, pH and nutrient levels.
Interestingly, the public’s concern about climate change
has generated a renewed interest in soil organic matter
management through so-called carbon farming. Indeed,
putting more carbon into the soil can also help reduce
global warming.

The use of inputs such as fertilizers, pesticides and
fuels—aided by their relatively low cost—was needed
for agricultural development and for feeding a rapidly
expanding global population. Let’s not ignore that. But it
overlooked the important role of soil health and helped
push the food production system towards practices
where environmental consequences and long-term
impacts are not internalized into the economic equation.
It could then be argued that matters will not improve
unless these structural problems are recognized and
economic incentives are changed. Many farming regions
have become economically dependent on a global
system of export and import of commodities that are
not compatible with long-term soil health management.
Also, the sector that sells farm machinery and inputs
has become highly consolidated and powerful, and these
corporations generally have an interest in maintaining
the status quo. Input prices have increased markedly
over the last decades while prices for those commodi-
ties, with the exception of short-term price spikes, have
tended to remain low. It is believed that this drives
farming towards greater efficiencies, but not necessarily
in a sustainable manner. In this context, we argue that
sustainable soil management is profitable, and that such
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management will cause profitability to increase with
greater scarcity of resources and higher prices of crop
inputs. Even the interests of corporations in the agricul-
tural and food industries can be served in this paradigm.
This book has four parts. Part 1 provides background
information about soil health and organic matter: what
itis, why it is so important, why we have problems, the
importance of soil organisms, and why some soils are
of higher quality than others. Part 2 includes discus-
sions of soil physical properties, soil water storage, and
carbon and nutrient cycles and flows. Part 3 deals with
the ecological principles behind, and the practices that
promote, building healthy soil. It begins with chap-
ters that place a lot of emphasis on promoting organic
matter buildup and maintenance. Following practices
that build and maintain organic matter may be the
key to soil fertility and may help solve many problems.
Practices for enhancing soil quality include the use of
animal manures and cover crops; good residue man-
agement; appropriate selection of rotation crops; use of
composts; reduced tillage; minimizing soil compaction

Xiv

and enhancing aeration; better nutrient and amendment
management; good irrigation and drainage; and adopt-
ing specific conservation practices for erosion control.
Part 4 discusses how you can evaluate soil health and
combine soil-building management strategies that actu-
ally work on the farm, and how to tell whether the health
of your soils is improving.
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Chapter 1

HEALTHY SOILS

All over the country [some soils are] worn out, depleted, exhausted, almost dead.

But here is comfort: These soils possess possibilities and may be restored to high

productive power, provided you do a few simple things.

CW. BURKETT, 1907

It should come as no surprise that many cultures
have considered soil central to their lives. After all, peo-
ple were aware that the food they ate grew from the soil.
Our ancestors who first practiced agriculture must have
been amazed to see life reborn each year when seeds
placed in the ground germinated and then grew to matu-
rity. In the Hebrew Bible, the name given to the first
man, Adam, is the masculine version of the word “earth”
or “soil” (adama). The name for the first woman, Eve
(or Hava in Hebrew), comes from the word for “living.”
Soil and human life were considered to be intertwined.
A particular reverence for the soil has been an import-
ant part of the cultures of many civilizations, including
Native American tribes. In reality, soil is the basis of all
terrestrial life. We humans are derived from soil. Aside
from when we eat fish and other aquatic organisms, we
obtain the essential elements in our bodies, such as the
calcium and phosphorus in our bones and teeth, the
nitrogen in our proteins, the iron in our red blood cells,

and so on, all by directly or indirectly consuming plants
that took these from the soil.

Although we focus on the critical role soils play in
growing crops, it’s important to keep in mind that soils
also provide other important services. Soils govern
whether rainfall runs off the field or enters the ground
and eventually helps recharge underground aquifers.
When a soil is stripped of vegetation and starts to
degrade, excessive runoff and flooding are more com-
mon. Soils also absorb, release and transform many
different chemical compounds. For example, they help
to purify wastes flowing from the septic system drain
fields in your backyard. Soils also provide habitats for
a diverse group of organisms, many of which are very
important, such as those bacteria that produce antibiot-
ics and fungi that help plants obtain nutrients and water
and improve soil structure. Soil organic matter stores
a huge amount of atmospheric carbon. Carbon, in the
form of carbon dioxide, is a greenhouse gas associated

Photo by Dan Anderson
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with global warming. So, by increasing soil organic
matter, more carbon can be stored in soils, reducing the
potential for climate change. We also use soils as a foun-
dation for roads, industry and our communities.

HOW IS SOIL MADE?

Before we consider what makes a soil rich or poor, we
should learn how it comes into existence. Soil consists
of four parts: solid mineral particles, water, air and
organic matter. The particles are generally of sand, silt
and clay size (and sometimes also larger fragments)
and were derived from weathering of rocks or
deposition of sediments. They mainly consist of silicon,
oxygen, aluminum, potassium, calcium, magnesium,
phosphorus, potassium and other minor chemical
elements. But these elements are generally locked up in
the crystalline particles and are not directly available to
plants. However, unlike solid rock, soil particles have
pore spaces in between them that allow them to hold
water through capillary action: the soil can act like a
sponge. This is an important process because it allows
the soil water, with the help of carbon dioxide in the air,
to very slowly dissolve the mineral particles and release
nutrients—we call this chemical weathering. The soil
water and dissolved nutrients, together referred to as
the soil solution, are now available for plants. The air in
the soil, which is in contact with the air above ground,
provides roots with oxygen and helps remove excess
carbon dioxide from respiring root cells.

What role do plants and soil organisms play? They
facilitate the cycling of organic matter and of the nutri-
ents, which allows soil to continue supporting life.
Plants’ leaves capture solar energy and atmospheric
carbon from carbon dioxide (CO,) through photosyn-
thesis. The plant uses this carbon to build the sugars,
starches and all the other organic chemicals it needs to
live and reproduce. At the same time, plant roots absorb
both soil water and the dissolved nutrients (nitrogen is
added to soils or directly to plants through associated

biological processes). Now, the mineral nutrients that
were derived from the soil are stored in the plant bio-
mass in organic form in combination with the carbon
from the atmosphere. The seeds tend to be especially
high in nutrients, but the stems and leaves also contain
important elements. Eventually plants die and their
leaves and stems return to the soil surface. Sometimes
plants don’t return directly to the soil surface, but
rather are eaten by animals. These animals extract
nutrients and energy for themselves and then defecate
what remains. Soil organisms help to incorporate both
manure and plant residues into the soil, while the roots
that die, of course, are already in the soil. This dead
plant material and manure become a feast for a wide
variety of organisms—beetles, spiders, worms, fungi,
bacteria, etc.—that in turn benefit from the energy

and nutrients the plants had previously stored in their
biomass. At the same time, the decomposition of organic
material makes nutrients available again to plants, now
completing the cycle.

But is it a perfect cycle? Not quite, because it has not
evolved to function under intensive agricultural produc-
tion. The chemical weathering process that adds new
nutrients into the cycle continues at a very slow pace.
On the other end of the cycle the soil captures some of
the organic matter and puts it “in storage.” This happens
because soil mineral particles, especially clays, form
bonds with the organic molecules and thereby protect
them from further decomposition by soil organisms. In
addition, organic matter particles inside soil aggregates
are protected from decomposition. Over a long time,
the soil builds up a considerable reservoir of nutrients
from slowly decomposing minerals and carbon, and
of energy from plant residue in the form of organic
matter—similar to putting a small amount of money into
a retirement account each month. This organic matter
storage system is especially impressive with prairie and
steppe soils in temperate regions (places like the central
United States, Argentina and Ukraine) because natural
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grasslands have deep roots and high organic matter
turnover (Figure 1.1).

In a natural system this process is quite efficient
and has little nutrient leakage. It maximizes the use of
mineral nutrients and solar energy until the soil has
reached its maximum capacity to store organic matter
(more about this in Chapter 3). But when lands were
first developed for agriculture, plowing was used to

suppress weeds and to prepare the soil for planting grain

crops. Plowing was also beneficial because it acceler-
ated organic matter decomposition and released more
nutrients than unplowed land. This was a major rift in
organic matter cycling, because it caused more organic
matter to be lost each year than was returned to the soil.
In addition, a related rift occurred in nutrient cycling

as some of the nutrients were harvested as part of the
crop, removed from the fields and never returned. Other
nutrients were washed out of the soil. Over time, the
organic matter bank account that had slowly built up
under natural vegetation was being drawn down.

However, until organic matter became seriously
depleted, its increased decomposition through tillage
helped to supply crops with released nutrients and these
rifts did not cause widespread concern. On sloping lands
these losses went much faster because the organic mat-
ter near the surface also eroded away after the soil was
exposed to rain and wind. Only in the past century did
we find effective ways to replenish the lost nutrients by
applying fertilizers that are derived from geologic depos-
its or the Haber-Bosch process for producing nitrogen
fertilizers. But the need to replace the organic matter
(carbon) was mostly ignored until recently.

The organic matter in the soil is more complex and
plays many important roles in soils that we will discuss
in Chapter 2. Not only does it store and supply nutrients
and energy for organisms, it also helps form aggregates
when mineral and organic particles clump together.
When it is made up of large amounts of different-sized
aggregates, the soil contains more spaces for storing

Figure 1.1. Soils build a storage reservoir of carbon and nutrients in or-
ganic matter, and can also hold water and air. The organic matter builds
up from decayed plant material and accumulates mostly in the dark root
zone under the surface. Photo by USDA-NRCS.

water and allowing gas exchange, as oxygen enters for
use by plant roots and by soil organisms and the carbon
dioxide produced by organisms leaves the soil. So in
summary, the mineral particles and pore spaces form
the basic structure of the soil, but the organic matter is
mostly what makes it fertile.

WHAT KIND OF SOIL DO YOU WANT?

Farmers sometimes use the term soil health to describe
the condition of the soil. Scientists usually use the

term soil quality, but both refer to the same idea: how
well the soil is functioning for whatever use is being
considered. The concept of soil health focuses on the
human factor—the anthropogenic influence—that is
increasingly significant due to many years of intensive
management. This is different from the inherent

5
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differences in soils that are the result of the natural
factors that formed the soil, such as the parent material,
climate, etc. Thereby, an analogy with humans is apt:
We may have some natural differences from our genetic
backgrounds (taller or shorter, fairer or darker, etc.), but
our health still strongly affects the way we can function
and is greatly influenced by how we treat our bodies.
In agriculture, soil health becomes a question of
how good the soil is at supporting the growth of high-
yielding, high-quality and healthy crops. Given this, how
then would you know a high-quality soil from a lower-
quality soil? Most farmers and gardeners would say they
know one when they see one. Farmers can certainly tell
you which of the soils on their farms are of low, medium
or high quality, and oftentimes they refer to how dark
and crumbly it is. They know high-quality soil because
it generates higher yields with less effort. Less rainwa-
ter runs off and fewer signs of erosion are seen on the
better-quality soils. Less power is needed to operate
machinery on a healthy soil than on poor, compacted
soils. But there are other characteristics that we’d like a
soil to have. These can be condensed into seven desir-
able attributes of healthy soils:
1. Fertility. A soil should have a sufficient supply of
nutrients throughout the growing season.
2. Structure. We want a soil with good tilth so that

plant roots can fully develop with the least amount
of effort. A soil with good tilth is more spongy and
less compact than one with poor tilth. A soil that has
a favorable and stable soil structure also promotes
rainfall infiltration and water storage for plants to
use later.

Depth. For good root growth and drainage, we want
a soil with sufficient depth before a compact soil
layer or bedrock is reached.

Drainage and aeration. We want a soil to be

well drained so that it dries enough in the spring
and during the following rains to permit timely field
operations. Also, it’s essential that oxygen is able to
enter the root zone and just as important that carbon
dioxide leaves it (it also enriches the air near the
leaves as it diffuses out of the soil, allowing plants to
have higher rates of photosynthesis). Keep in mind
that these general characteristics do not necessarily
hold for all crops. For example, flooded soils are
desirable for cranberry and paddy rice production.
Minimal pests. A soil should have low populations
of plant disease and parasitic organisms. Certainly,
there should also be low weed pressure, especially
of aggressive and hard-to-control weeds. Most soil
organisms are beneficial, and we certainly want high
amounts of organisms that help plant growth, such

THINK LIKE A ROOT!

restrict your growth deep into the soil.

If you were a root, what would you like from an ideal soil? Surely you'd want the soil to provide adequate nutrients and to
be porous with good tilth, so that you could easily grow and explore the soil and so that the soil could store large quanti-
ties of water for you to use when needed. But you'd also like a very biologically active soil, with many beneficial organisms
nearby to provide you with nutrients and growth-promoting chemicals, as well as to keep potential disease organism pop-
ulations as low as possible. You would not want the soil to have any chemicals, such as soluble aluminum or heavy metals,
that might harm you; therefore, you'd like the pH to be in a proper range for you to grow, and you wouldn’t want to be in a
soil that somehow became contaminated with toxic chemicals. You would also not want any subsurface layers that would
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as earthworms and many bacteria and fungi.

6. Free of toxins. We want a soil that is free of chemi-
cals that might harm the plant. These can occur
naturally, such as soluble aluminum in very acid
soils or excess salts and sodium in arid soils.
Potentially harmful chemicals also are introduced by
human activity, such as fuel oil spills or when sewage
sludge with high concentrations of toxic elements
is applied.

7. Resilience. Finally, a high-quality soil should resist
being degraded. It should also be resilient, recovering
quickly after unfavorable changes like compaction.

THE NATURE AND NURTURE OF SOILS

Some soils are exceptionally good for growing crops and
others are inherently unsuitable, but most are in
between. Many soils also have limitations, such as low
organic matter content, texture extremes (coarse sand
or heavy clay), poor drainage or layers that restrict

root growth. Midwestern loess-derived prairie soils

are naturally blessed with a combination of a silt loam
texture and high organic matter content. By every
standard for assessing soil health, these soils, in their
virgin state, would rate very high. But even many of
these prairie soils required drainage in order for them to
be highly productive.

The way we care for, or nurture, a soil modifies its
inherent nature. A good soil can be abused through
years of poor management and can turn into one with
poor health, although it generally takes a lot of mistreat
ment to reach that point. On the other hand, an innately
challenging soil may be very “unforgiving” of poor man-
agement and quickly become even worse. For example,
a heavy clay loam soil can be easily compacted and
turned into a dense mass. Naturally good and poor soils
will probably never reach parity through good farming
practices because some limitations simply cannot be
completely overcome, but both can be productive if they
are managed well.

7

HOW DO SOILS BECOME DEGRADED?

Although we want to emphasize healthy, high-quality
soils because of their ability to produce high yields of
crops, it is also crucial to recognize that many soils in
the United States and around the world have become
degraded: they have become “worn out.” Degradation
most commonly begins with tillage—plowing and
harrowing the soil—causing soil aggregates to break
apart, which then causes more rapid loss of soil organic
matter as organisms have greater access to residues.
This accelerates erosion, because soils with lower
organic matter content and less aggregation are more
prone to accelerated erosion. And erosion, which takes
away topsoil enriched with organic matter, initiates a
downward spiral resulting in poor crop production. Soils
become compact, making it hard for water to infiltrate
and for roots to develop properly. Erosion continues and
nutrients decline to levels too low for good crop growth.
The development of saline (too salty) soils under
irrigation in arid regions is another cause of reduced soil
health. (Salts added in the irrigation water need to be
leached beneath the root zone to avoid the problem.)

Soil degradation caused significant harm to many
early civilizations, including the drastic loss of produc-
tivity resulting from soil erosion in many locations in
the Middle East (such as present day Israel, Jordan,
Iraq and Lebanon) and southern Europe. This led either
to colonial ventures to help feed the citizenry—like the
Romans invading the Egyptian breadbasket—or to the
decline of the civilization. The only exceptions were the
convergence zones in the landscapes, valleys and deltas
where the nutrients and sediments flow together and
fertility can be maintained for many centuries (more
about this in Chapter 7).

Tropical rainforest conditions (high temperature
and rainfall, with most of the organic matter near the
soil surface) may lead to significant soil degradation
within two or three years of conversion to cropland.
This is the reason the “slash and burn” system, with
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Figure 1.2. Agricultural soil (left) and natural soil (grassland; right) from
adjacent sites in the U.S. Great Plains. Agricultural soil has lower soil
organic matter and higher density. Photos by Kirsten Kurtz.

people moving to a new patch of forest every few years,
developed in the tropics. After farmers depleted the soils
(the readily decomposed organic matter) in a field, they
would cut down and burn the trees in the new patch,
allowing the forest and soil to regenerate in previously
cropped areas.

The westward push of U.S. agriculture was stimu-
lated by rapid soil degradation in the East, originally
a zone of temperate forest. Under the environmental
conditions of the Great Plains (moderate rainfall and
temperature, with organic matter distributed deeper
in the soil), it took many decades for the effects of soil
degradation to become evident (Figure 1.2).

The extent of deteriorating soil on a worldwide basis
is staggering: Soil degradation has progressed so far
as to decrease yields on about 20% of all the world’s
cropland and on 19—27% of the grasslands and range-
lands. The majority of agricultural soils are in only fair,
poor or very poor condition. Erosion remains a major
global problem, robbing people of food and each year
continuing to reduce the productivity of the land. Each
year some 30—40 billion tons of topsoil are eroded from
the croplands of the world.

1HEALTHY SOILS

HOW DO YOU BUILD A HEALTHY, HIGH-QUALITY SOIL?

Some characteristics of healthy soils are relatively
easy to achieve. For example, an application of ground

limestone will make a soil less acid and will increase the

availability of many nutrients to plants. But what if the

soil is only a few inches deep? In that case, there is little

that can be done within economic reason, except on a

very small, garden-size plot. If the soil is poorly drained
because of a restricting subsoil layer of clay, tile drainage

can be installed, but at a significant cost economically
and environmentally.

We use the term building soils to emphasize that
the nurturing process of converting a degraded or
low-quality soil into a truly high-quality one requires
understanding, thought and significant actions. It is
a process that mirrors the building of soil through
natural processes where plants and organic matter
are key elements. This is also true for maintaining or

.. What now remains of the formerly rich land

is like the skeleton of a sick man, with all the fat
and soft earth having wasted away and only the
bare framework remaining. Formerly, many of the
mountains were arable. The plains that were full

of rich soil are now marshes. Hills that were once
covered with forests and produced abundant
pasture now produce only food for bees. Once

the land was enriched by yearly rains, which were
not lost, as they are now, by flowing from the bare
land into the sea. The soil was deep, it absorbed
and kept the water in the loamy soil, and the water
that soaked into the hills fed springs and running
streams everywhere. Now the abandoned shrines at
spots where formerly there were springs attest that
our description of the land is true.

—PLATO, 4TH CENTURY B.C.
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EVALUATING YOUR SOILS

soil health in Chapter 23.

Score cards and laboratory tests have been developed to help farmers assess their soils, using scales to rate the health of
soils. In the field, you can evaluate the presence of earthworms, severity of erosion, ease of tillage, soil structure and color,
extent of compaction, water infiltration rate and drainage status. Doing some digging can be especially enlightening! Then
you rate crops growing on the soils by such characteristics as their general appearance, growth rates, root health, degree of
resistance to drought and yield. It's a good idea for all farmers to fill out such a scorecard for every major field or soil type
on your farm every few years, or, alternatively, to send in soil to a lab that offers soil health analyses. But even without do-
ing that, you probably already know what a really high-quality and healthy soil—one that would consistently produce good
yields of high-quality crops with minimal negative environmental impact—would be like. You can read more on evaluating

improving already healthy soils. Soil organic matter has

a positive influence on almost all of the characteristics

we've just discussed. As we will see in chapters 2 and 8,

soil organic matter is even critical for managing pests.

Appropriate organic matter management is, therefore,

the foundation for high-quality soil and for a more

sustainable and thriving agriculture. It is for this reason
that so much space is devoted to organic matter in this
book. However, we cannot forget other critical aspects
of management, such as trying to lessen soil compaction
and good nutrient management.

Although the details of how best to create high-qual-
ity soils differ from farm to farm and even field to field,
the general approaches are the same. For example:

e Minimize tillage and other soil disturbances to
maintain soil structure and decrease losses of native
soil organic matter.

* Implement a number of practices that add
diverse sources of organic materials to the soil.

* Maximize live roots in the soil and use rotations
and cover crops that include a diverse mix of
crops with different types of root systems.

* Provide plenty of soil cover through cover
crops and/or surface residue even when economic
crops aren’t present in order to protect the soil from

raindrops and temperature extremes.

»  Whenever traveling on the soil with field equipment,
use practices that help develop and maintain
good soil structure.

* Manage soil fertility status to maintain optimal
pH levels for your crops and a sufficient supply
of nutrients for plants without contributing to
water pollution.

e Inarid regions, reduce the amount of sodium or
saltin the soil.

There are also large-scale considerations related to
the structure of agriculture and associated nutrient and
carbon flows that tie into this. Later in the book we will
return to these and other practices for developing and
maintaining healthy soils.

SOIL HEALTH, PLANT HEALTH AND HUMAN HEALTH
Of the literally tens of thousands of species of soil
organism, relatively few cause plant diseases. And the
same is true for human diseases, with examples such as
tetanus (a toxin produced by a bacterium), hookworm (a
nematode), and ringworm (a fungus). But the physical
condition of soil can also affect human health. For
example, people in the path of dust storms, which pick
up fine particles from bare soils, may have significant
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respiratory problems and damaged lung tissue. In
general, soils with a high degree of biological diversity,
good soil structure and continual cover with living
plants will be healthier for people as well as the plants
growing in them. In fact, frequent contact with soil
and farm animals early in life results in fewer allergies
and stimulates the immune system, helping it to better
respond to infections as one grows older.

We discuss soil degradation in this chapter because
protecting soil’s productivity and limiting environmental
impacts are important objectives in and of themselves.
However, there are ongoing debates around the world
about whether improved soil health also translates into
better-quality food and human health outcomes. Soils
are the primary source of minerals for humans and ani-
mals, but can soil degradation eventually lead to nutri-
tion and health problems? Also, is organically produced
food healthier than conventional foods?

To answer these questions we need to understand
the two main components of the food chain: how soil
health affects plant health and how plant health sub-
sequently affects human health. Together, this is the
soil-plant-human health connection. For our discussion
we'll ignore the impacts of intermediate steps of food
processing, diets and food sourcing, although these can
also have significant impacts.

Soils provide plants with nutrients and water, but
this doesn’t always happen in an optimal way. Healthy
plants require essential nutrients like nitrogen, phos-
phorus, potassium and other major and minor ele-
ments discussed in Chapter 18. Other elements are not
essential but are considered beneficial because they have
a positive effect on plant growth or help the uptake of
other elements. These are typically taken up by plants
in trace amounts. A third category is toxic elements
that are detrimental to plants at certain concentrations.
Sometimes, elements are essential or beneficial at low
concentrations and may become toxic at high concentra-
tions, like copper and iron.

Nutrient Deficiencies

When crops are grown over many years, nutrients in soil
are steadily absorbed by plants. In natural ecosystems
the nutrients in plant material are mostly cycled back to
the soil, but agricultural systems generally remove many
of these nutrients from the farm when the harvested
crops are sold, with variable amounts of nutrients
remaining on the farm in residues, depending on the
crop. (We discuss cycles and flows in Chapter 7). With
the use of synthetic fertilizers some nutrients, notably
nitrogen, phosphorus, potassium and calcium, are

being replenished, but the minerals needed in small

or trace amounts generally don’t get replaced. This

is especially the case in developing countries where
farmers often don’t analyze their soils and they apply
standard fertilizer blends. Sometimes this is aggravated
by compaction problems, when the minerals may be
present in deeper soil layers but are not root accessible.
In some cases soils are naturally deficient in essential
elements that may affect plants, animals or humans. For
example, selenium is naturally low in the northeastern
and northwestern United States. It does not affect plants
much but can cause problems with animals and humans.

Toxicities

Many elements in soil can become toxic to plants,
animals or humans. The most egregious cases tend

to be associated with some type of pollution from
human activities. For example, heavy metals may have
accumulated from atmospheric deposition of industrial
smokestack emissions or from acid deposition from
coal-fired power plants. In other cases agricultural
activities themselves cause problems, like the long-term
use of fertilizers containing high levels of cadmium.

An unusual case involved the introduction of tube
wells in Bangladesh to irrigate rice. The groundwater
source contains naturally high levels of arsenic,

which accumulates in the rice grains, causing serious
health concerns with local populations. (A common
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occurrence in regions of grain crop production is the
over application of nitrogen fertilizer, which can lead to
high concentrations of nitrate in drinking water, which
adversely affects the health of rural residents. Although
this problem is not a result of direct consumption of
plants, it is directly related to how we grow crops.)

Another issue is that crops growing on soils low in
biodiversity, in which plant disease organisms flour-
ish, are generally treated with pesticides (fungicides,
insecticides, nematicides). These chemicals, as well as
herbicides, may find their way into the foods we eat,
sometimes into the groundwater we drink. There has
been a link established between a number of pesticides
in the environment and human diseases.

Human Health Effects

It is difficult to scientifically prove effects of soil health
on human health, in part due to the complexity of

diets and ethical considerations around clinical trials
involving humans. The most significant effect of soil
degradation relates to the reduced ability to produce
sufficient nutritious foodstuffs to meet peoples’ basic
caloric and protein needs. Especially in isolated rural
areas in developing countries people depend on crops
and animals raised on their own farms with little
opportunity to buy additional food. Degraded soils and
weather extremes can cause crop losses and significantly
impact the food supply, with especially high concerns for
the long-term impacts to children.

A secondary problem associated with soil degradation
is deficiencies of essential minerals, especially in soils
that are naturally of low fertility. Again, this may be
a problem in regions with mineral mining and heavy
dependence on local grain-dominated diets. In devel-
oped societies nutritional deficiencies are rare because
people obtain food from diverse sources. For example,
regional soil selenium deficiency does not impact people
when they also eat nuts from other regions. (In developed
societies, the concern is increasingly about unhealthy

diet choices and the affordability of healthy food.)
Humans also benefit from organic plant compounds
that may be indirectly linked to soil health, like the
protein content in grains (related to nitrogen in soil),
or so-called secondary metabolites that have beneficial
health effects, like antioxidant activity (for example,
phenolics and anthocyanins). A question is whether we
can link the benefits of better soil management to actual
higher human health outcomes. For example, organic
management requires certain practices that enhance
soil health because it involves integrated nutrient
and organic matter management through better use
of rotations and organic amendments. But will it also
improve food quality and human health? Many people
choose organic foods due to concerns about pesticides
(which is a real potential health issue that we should be
aware of) or because they believe it tastes better. Or they
feel strongly about supporting farmer livelihoods and
reducing environmental impacts. There is no evidence
that nutrients from organic sources affect human health
differently than those from synthetic or processed
sources, because either way plants take up the nutrients
almost exclusively as inorganic forms. Some studies
have shown that organically produced food can posi-
tively impact some indicators such as increased levels of
antioxidants. But due to many other confounding factors
(people who eat organic food typically have better diets,
healthier lifestyles, and are wealthier), no study has
been able to definitively correlate those with positive
human health outcomes.

A LARGER VIEW

In this book we discuss the ecological management of
soils. And although the same basic principles discussed
here apply to all soils around the world, the problems
may differ in specifics and intensity, and different mixes
of solutions may be needed on any particular farm or

in any ecological zone. It is estimated that close to half
the people in the world are deficient in nutrients and
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vitamins and that half the premature deaths that occur
globally are associated with malnutrition. Part of the
problem is the low amount of nutrient-rich foods such
as vegetables and fruits in diets. When grains form too
large a part of the diet, even if people obtain sufficient
calories and some protein, the lack of other nutrients
results in health problems. Although iron, selenium,
cobalt and iodine deficiencies in humans are rare in the
United States, they may occur in developing countries
whose soils are depleted and nutrient poor. It frequently
is an easier and healthier solution to get these nutrients
into peoples’ diets by increasing plant content by adding
these essential elements to the soil (or through irrigation
water for iodine) rather than to try to provide everyone
with supplements. Enhancing soil health—in all its
aspects, not just nutrient levels—is probably one of the
most essential strategies for providing nutritious food

to all the people in the world and ending the scourge of
hunger and malnutrition.
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Chapter 2

ORGANIC MATTER: WHAT IT IS AND
WHY IT'S SO IMPORTANT

Follow the appropriateness of the season, consider well the nature and conditions

of the soil, then and only then least labor will bring best success. Rely on one’s own idea

and not on the orders of nature, then every effort will be futile.

JIA SIXIE, 6TH CENTURY, CHINA

As we will discuss at the end of this chapter, organic
matter has an overwhelming effect on almost all soil
properties, although it is generally present in relatively
small amounts. A typical agricultural soil has 1-6%
organic matter by weight. It consists of three distinctly
different parts: living organisms, fresh residues and
molecules derived from well-decomposed residues. These
three parts of soil organic matter have been described as
the living, the dead and the very dead. This three-way
classification may seem simple and unscientific, but it is
very useful in understanding soil organic matter.

The living. This part of soil organic matter includes
a wide variety of microorganisms, such as bacteria,
viruses, fungi, protozoa and algae. It even includes plant
roots and the insects, earthworms and larger animals,
such as moles, woodchucks and rabbits that spend some
of their time in the soil. The living portion represents
about 15% of the total soil organic matter. The range of

organisms in soil is so great that it is estimated that they
represent about 25% of the world’s total biodiversity.
Microorganisms, earthworms and insects feed on plant
residues and manures for energy and nutrition, and in
the process they mix organic matter into the mineral
soil. In addition, they recycle plant nutrients. Sticky
substances on the skin of earthworms and other materi-
als produced by fungi help bind particles together. This
helps to stabilize the soil aggregates, which are clumps
of particles that make up good soil structure. Sticky sub-
stances on plant roots as well as the proliferation of fine
roots and their associated mycorrhizae help promote
development of stable soil aggregates. Organisms such
as earthworms and some fungi also help to stabilize the
soil’s structure (for example, by producing channels
that allow water to infiltrate) and, thereby, improve soil
water status and aeration. Plant roots also interact in

significant ways with the various microorganisms and

Photo by Christine Markoe
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animals living in the soil. Another important aspect of
soil organisms is that they are in a constant struggle with
each other (Figure 2.1). Further discussion of the inter-
actions between soil organisms and roots, and among
the various soil organisms, is provided in Chapter 4.

A multitude of microorganisms, earthworms and
insects get their energy and nutrients by breaking down
organic residues in soils. At the same time, much of the
energy stored in residues is used by organisms to make
new chemicals as well as new cells. How does energy get
stored inside organic residues in the first place? Green
plants use the energy of sunlight to link carbon atoms
together into larger molecules. This process, known as
photosynthesis, is used by plants to store energy for
respiration and growth, and much of this energy ends up
as residues in the soil after the plant dies.

The dead. The fresh residues, or “dead” organic
matter, consist of recently deceased microorganisms,
insects, earthworms, old plant roots, crop residues and
recently added manures. In some cases, just looking
at them is enough to identify the origin of the fresh
residues (Figure 2.2). This part of soil organic matter is
the active, or easily decomposed, fraction. This active
fraction of soil organic matter is the main supply of
food for various organisms—microorganisms, insects

|
il

Figure 2.1. A nematode feeds on a fungus, part of a living system of
checks and balances. Photo by Harold Jensen.

and earthworms—Iliving in the soil. As organic materi-
als are decomposed by the “living,” they release many
of the nutrients needed by plants. Organic chemical
compounds produced during the decomposition of fresh
residues also help to bind soil particles together and give
the soil good structure.

Some organic molecules directly released from
cells of fresh residues, such as proteins, amino acids,
sugars and starches, are also considered part of this
fresh organic matter. These molecules generally do not
last long in the soil. Their structure makes them easy
to decompose because so many microorganisms use
them as food. Some cellular molecules such as lignin
are decomposed, but it takes longer for organisms to do
so. This can make up a large fraction of the soil organic
matter in poorly drained soils, like peats and mucks, as
well as wetlands that have been taken into agricultural
production. These hold large amounts of organic matter
that was not decomposed due to waterlogging, but they
don’t provide the same benefits as the fresh residues.

The very dead. This includes other organic
substances in soils that are difficult for organisms to
decompose. Some use the term humus to describe all
soil organic matter. We'll use the term to refer only to
that relatively stable portion of soil organic matter that

Figure 2.2. Partially decomposed fresh residues removed from soil.
Fragments of stems, roots, and fungal hyphae are all readily used by
soil organisms.
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resists decomposition. Humus is protected from decom-
position mainly because its chemical structure makes it
hard for soil organisms to utilize.

Identifiable fragments of undecomposed or partially
decomposed residue, including remains of microorgan-
isms, can be held inside aggregates in spaces too small
for organisms to access. In a sense they behave as if they
were “very dead” because of being inaccessible to organ-
isms. As long as organic residue is physically protected
from attack by microorganisms it will behave as part of
the “very dead.” When these aggregates are broken up
by freezing and thawing, drying and rewetting, or by
tillage, entrapped organic fragments and simple organic
substances adsorbed on clays can be made accessible to
microorganisms and are readily decomposed. Because
much of soil organic matter is so well protected from
decomposition, physically and chemically, its age in soils
can be as high as hundreds of years.

But even though humus is protected from decom-
position, its chemical and physical properties make it
an important part of the soil. Humus holds on to some
essential nutrients and stores them for slow release to
plants. Some medium-size molecules also can surround
certain potentially harmful chemicals, like heavy metals
and pesticides, and prevent them from causing dam-
age to plants and the environment. The same types of
molecules can also make certain essential nutrients
more available to plants. Good amounts of soil humus
and fragments of crop residues can lessen drainage and
compaction problems that occur in clay soils. They also
improve water retention in sandy soils by enhancing
aggregation, which reduces soil density, and by holding
on to and releasing water.

Char. Another type of organic matter, one that
has gained a lot of attention lately, is usually referred
to as black carbon or char. Many soils contain some
small pieces of charcoal, the result of past fires of
natural or human origin. Some, such as the black soils
of Saskatchewan, Canada, may have relatively high

amounts of char, presumably from naturally occurring
prairie fires. However, an increased interest in charcoal
in soils has come about mainly through the study of the
soils called dark earths, the terra preta de indio that are
on sites of long-occupied villages in the Amazon region
of South America that were depopulated during the
colonial era. These dark earths contain 10—20% black
carbon in the surface foot of soil, which gives them a
much darker color than the surrounding soils. The soil
charcoal was the result of centuries of cooking fires

and in-field burning of crop residues and other organic
materials. The manner in which the burning occurred—
slow burns, perhaps because of the wet conditions
common in the Amazon—produced a lot of char material
and not as much ash as occurs with more complete
burning at higher temperatures. These soils were
intensively used in the past but have been abandoned
for centuries. Still, they remain much more fertile than
the surrounding soils, partially due to the high inputs of
nutrients in animal and plant residue that were initially
derived from the nearby forest, and they yield better
crops than surrounding soils typical of the tropical
forest. Part of this higher fertility—the ability to supply
plants with nutrients with very low amounts of leaching
loss—has been attributed to the large amount of black
carbon and the high amount of biological activity in the
soils (even centuries after abandonment). Charcoal is a
very stable form of carbon that helps maintain relatively
high cation exchange capacity and supports biological
activity by providing suitable habitat. However, char
does not provide soil organisms with readily available
food sources as do fresh residues and compost. People
are experimenting with adding biochar to soils, but this
is likely not economical at large scales. The quantity
needed to make a major difference to a soil is apparently
huge— many tons per acre—and may limit the useful-
ness of this practice to small plots of land, gardens and
container plants, or as a targeted additive coating seeds.
Also, benefits from adding biochar should be considered

BUILDING SOILS FOR BETTER CROPS: ECOLOGICAL MANAGEMENT FOR HEALTHY SOILS



CHAPTER 2 ORGANIC MATTER: WHAT IT IS AND WHY IT'S SO IMPORTANT

BIOCHAR AS A SOIL AMENDMENT

It is believed that the unusually productive “dark earth” soils of the Brazilian Amazon region and other places in the world
were produced and stabilized by long-term incorporation of charcoal. Black carbon, produced by wildfires as well as

by human activity and found in many soils around the world, is a result of burning biomass at around 600-900 degrees
Fahrenheit under low oxygen conditions. This incomplete combustion results in about half or more of the carbon in the
original material being retained as char. The char, also containing ash, tends to have high amounts of negative charge
(cation exchange capacity), has a liming effect on soil, retains some nutrients from the wood or other residue that was
burned, stimulates microorganism populations, and is very stable in soils. Although many times increases in yield have been
reported following biochar application—probably partially a result of increased nutrient availability or increased pH—
sometimes yields suffer. Legumes do particularly well with biochar additions, while grasses frequently become nitrogen
deficient, indicating that nitrogen may be deficient for a period following application.

Biochar is a variable material because a variety of organic materials and burn methods can be used to produce it, perhaps
contributing to its inconsistent effects on soil and plants. The economic and environmental effects of making and using
biochar depend on the source of organic material being converted to biochar, whether heat and gases produced in the
process are utilized or just allowed to dissipate, the amount of available oxygen during biochar production, and the dis-
tance from where it is produced to the field where it is applied. On the other hand, when used as a seed coating, much less
biochar is needed per acre, and it may still stimulate seedling growth and development.

Note: The effects of biochar on raising soil pH and immediately increasing calcium, potassium, magnesium, etc., are
probably mostly a result of the ash rather than the black carbon itself. These effects can also be obtained by using more
completely burned material, which contains more ash and little black carbon.

in comparison to what might be gained when using the
same source materials like wood chips, crop residues or
food waste added directly to the soil, after composting or
even after complete combustion as ash.

Carbon and organic matter. Soil carbon is
sometimes used as a synonym for organic matter,
although the latter also includes nutrients and other
chemical elements. Because carbon is the main building
block of all organic molecules, the amount in a soil is
strongly related to the total amount of all the organic
matter: the living organisms plus fresh residues plus
well-decomposed residues. When people talk about
soil carbon instead of organic matter, they are usually
referring to organic carbon, or the amount of carbon

in organic molecules in the soil. The amount of organic
matter in soils is about twice the organic carbon level.
However, in many soils in glaciated areas and semiarid
regions it is common to have another form of carbon

in soils—limestone, either as round concretions or
dispersed evenly throughout the soil. Lime is calcium
carbonate, which contains calcium, carbon and oxygen.
This is an inorganic (mineral) form of carbon. Even in
humid climates, when limestone is found very close to
the surface, some may be present in the soil. In those
cases the total amount of soil carbon includes both
inorganic and organic carbon, and the organic matter
content could not be estimated simply by doubling the
total carbon percent.
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Normal organic matter decomposition that takes
place in soil is a process that is similar to the burning of
wood in a stove. When burning wood reaches a certain
temperature, the carbon in the wood combines with
oxygen from the air and forms carbon dioxide. As this
occurs, the energy stored in the carbon-containing
chemicals in the wood is released as heat in a process
called oxidation. The biological world, including humans,
animals and microorganisms, also makes use of the
energy inside carbon-containing molecules. This process
of converting sugars, starches and other compounds into
a directly usable form of energy is also a type of oxida-
tion. We usually call it respiration. Oxygen is used, and
carbon dioxide and heat are given off in the process.

WHY SOIL ORGANIC MATTER IS SO IMPORTANT

A fertile and healthy soil is the basis for healthy plants,
animals and humans. And soil organic matter is the
very foundation for healthy and productive soils.
Understanding the role of organic matter in maintaining
a healthy soil is essential for developing ecologically
sound agricultural practices. But how can organic
matter, which only makes up a small percentage of most
soils, be so important that we devote the three chapters
in this section to discuss it? The reason is that organic
matter positively influences, or modifies the effect of,
essentially all soil properties, and it is what makes the
soil fertile. That is the reason it’s so important to our
understanding of soil health and of how to manage soils
better. Organic matter is essentially the heart of the
story, but, as we will discuss later, certainly not the only
part. In addition to functioning in a large number of key
roles that promote soil processes and crop growth, soil
organic matter is a critical part of a number of global
and regional cycles.

It’s true that you can grow plants on soils with little
organic matter. In fact, you don’t need to have any soil
at all. Although gravel and sand hydroponic systems,
and even aeroponics (where a nutrient solution is

sprayed directly on plant roots) without soil, can grow
excellent crops, large-scale systems of this type may
have ecological problems and make sense economically
only for a limited number of high-value crops grown
close to their markets. It’s also true that there are other
important issues aside from organic matter when
considering the health of a soil. However, as soil organic
matter decreases, it becomes increasingly difficult to
grow plants, because problems with fertility, water
availability, compaction, erosion, parasites, diseases
and insects become more common. Ever higher levels
of inputs—fertilizers, irrigation water, pesticides and
machinery—are required to maintain yields in the face
of organic matter depletion. But if attention is paid to
proper organic matter management, the soil can support
a good crop with less need for expensive fixes.

The organic matter content of agricultural topsoil
is usually in the range of 1—-6%. A study of soils in
Michigan demonstrated potential crop-yield increases
of about 12% for every 1% increase in organic matter. In
a Maryland experiment, researchers saw an increase of
approximately 80 bushels of corn per acre when organic
matter increased from 0.8% to 2%. The enormous
influence of organic matter on so many of the soil’s
properties—biological, chemical and physical—makes it
of critical importance to healthy soils (Figure 2.3). Part
of the explanation for this influence is the small particle
size of the well-decomposed portion of organic mat-
ter, the humus. Its large surface area—to—volume ratio
means that humus is in contact with a considerable por-
tion of the soil. The intimate contact of humus with the
rest of the soil allows many reactions, such as the release
of available nutrients into the soil water, to occur rap-
idly. However, the many roles of living organisms make
soil life an essential part of the organic matter story.

Plant Nutrition
Plants need 17 chemical elements for their growth:
carbon (C), hydrogen (H), oxygen (O), nitrogen (N),
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Figure 2.3. Adding organic matter results in many changes. Modified from Oshins and Drinkwater (1999).

phosphorus (P), potassium (K), sulfur (S), calcium (Ca),
magnesium (Mg), iron (Fe), manganese (Mn), boron
(B), zinc (Zn), molybdenum (Mo), nickel (Ni), copper
(Cu), cobalt (Co), and chlorine (Cl). Plants obtain carbon
as carbon dioxide (CO,) from the atmosphere (with
some of that diffusing up from the soil underneath as
organisms decompose organic substances). Oxygen is
also mostly taken from the air as oxygen gas (O,). The
remaining essential elements are obtained mainly from
the soil. The availability of these nutrients is influenced
either directly or indirectly by the presence of organic
matter. The elements needed in large amounts—
carbon, hydrogen, oxygen, nitrogen, phosphorus,
potassium, calcium, magnesium and sulfur—are

called macronutrients. The other elements, called
micronutrients, are essential elements needed in small
amounts. Sodium (Na) and silica (Si) help many plants
grow better but are not considered essential to plant
growth and reproduction.

Nutrients from decomposing organic matter.
Most of the nutrients in soil organic matter can’t be used
by plants as long as those nutrients exist as part of large
organic molecules. As soil organisms decompose organic
matter, nutrients are converted into simpler, inorganic

(mineral) forms that plants can easily use. This process,
called mineralization, provides much of the nitrogen
that plants need by converting it from organic forms.
For example, proteins are converted to ammonium
(NH4+) and then to nitrate (NO, ). Most plants will take
up the majority of their nitrogen from soils in the form
of nitrate. The mineralization of organic matter is also
an important mechanism for supplying plants with such
nutrients as phosphorus and sulfur, and most of the

Ao

crop residues
and f | 1
animal manures

Figure 2.4. The cycle of plant nutrients.
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WHAT MAKES TOPSOIL?

Having a good amount of topsoil is important. But
what gives topsoil its beneficial characteristics? Is

it because it’s on TOP? If we bring in a bulldozer
and scrape off one foot of soil, will the exposed
subsoil now be topsoil because it’s on the surface?
Of course, everyone knows that there’s more to
topsoil than its location on the soil surface. Most
of the properties we associate with topsoil—good
nutrient supply, tilth, drainage, aeration, water
storage, etc.—are there because topsoil is rich in
organic matter and contains a huge diversity of life.
These characteristics diminish the farther down you
dig, making topsoil a unique and indispensable part
of the soil profile.

micronutrients. This release of nutrients from organic
matter by mineralization is part of a larger agricultural
nutrient cycle (see Figure 2.4 and Chapter 7).

Addition of nitrogen. Bacteria living in nodules
on legume roots convert nitrogen from atmospheric gas
(N,) to forms that the plant can use directly. A number
of free-living bacteria also fix nitrogen.

Storage of nutrients on soil organic matter.
Decomposing organic matter can feed plants directly,
but it also can indirectly benefit the nutrition of the
plant. A number of essential nutrients occur in soils as
positively charged molecules called cations (pronounced
cat-eye-ons). The ability of organic matter to hold on
to cations in a way that keeps them available to plants
is known as cation exchange capacity (CEC). Humus
has many negative charges, and because opposite
charges attract, it is able to hold on to positively charged
nutrients, such as calcium (Ca™"), potassium (K'), and
magnesium (Mg™") (see Figure 2.5a). This keeps them
from leaching (washing through the soil) deep into the
lower soil. Nutrients held in this way can be gradually
released into the soil solution and made available to
plants throughout the growing season. However, keep
in mind that not all plant nutrients occur as cations.

For example, the nitrate form of nitrogen is negatively
charged (NO,) and is actually repelled by the negatively
charged CEC. Therefore, nitrate leaches easily as water
moves down through the soil and beyond the root zone.

Clay particles also have negative charges on their
surfaces (Figure 2.5b), but organic matter may be
the major source of negative charges for coarse and
medium-textured soils. Some types of clays, such as
those found in the southeastern United States and in the

Ca*+ Cat++

Cat+

Mg ++

a) cations held on

Figure 2.5. Cations held on negatively charged organic matter and clay.
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tropics, tend to have low amounts of negative charge.
When those clays are present, organic matter is even
more critical as it is the main source of negative charges
that bind nutrients.

Protection of nutrients by chelation. Organic
molecules in the soil may also hold on to and pro-
tect certain nutrients. These particles, called chelates
(pronounced key-lates) are byproducts of the active
decomposition of organic materials or are secreted from
plant roots. In general, elements are held more strongly
by chelates than by binding of positive and negative
charges. Chelates work well because they bind the nutri-
ents at more than one location on the organic molecule
(Figure 2.5¢). In some soils, trace elements, such as iron,
zinc and manganese, would be converted to unavail-
able forms if they were not bound by chelates. It is not
uncommon to find low-organic-matter soils or exposed
subsoils deficient in these micronutrients.

Other ways of maintaining available nutri-
ents. There is some evidence that organic matter in the
soil can inhibit the conversion of available phosphorus

to forms that are unavailable to plants. One explanation
is that organic matter coats the surfaces of minerals that
can bond tightly to phosphorus. Once these surfaces are
covered, available forms of phosphorus are less likely to
react with them. In addition, some organic molecules
may form chelates with aluminum and iron, both of
which can react with phosphorus in the soil solution.
When they are held as chelates, these metals are unable
to form an insoluble mineral with phosphorus.

Beneficial Effects of Soil Organisms

Soil organisms are essential for keeping plants well sup-
plied with nutrients because they break down organic
matter, including other dead organisms. These organisms
make nutrients available by freeing them from organic
molecules. Some bacteria fix nitrogen gas from the
atmosphere, making it available to plants. Other organ-
isms dissolve minerals and make phosphorus more
available. Without sufficient food sources, soil organ-
isms aren’t plentiful and active, and consequently more
fertilizers will be needed to supply plant nutrients.

Directly

and ammonium.

that other organisms or plants may use.
Indirectly

ORGANIC MATTER INCREASES THE AVAILABILITY OF NUTRIENTS ...

« As organic matter is decomposed, nutrients are converted into forms that plants can use directly.
« CEC s produced during the decomposition process, increasing the soil’s ability to retain calcium, potassium, magnesium

» Organic molecules are produced that hold and protect a number of micronutrients, such as zinc and iron.
« Some organisms make mineral forms of phosphorus more soluble while others fix nitrogen, which converts it into forms

« Substances produced by microorganisms promote better root growth and healthier roots. With a larger and healthier
root system, plants are able to take up nutrients more easily.

« Organic matter improves soil structure, which results in increased water infiltration following rains and increased
water-holding capacity of the soil; it also enhances root growth into more permeable soil. This results in better plant
health and allows more movement of mobile nutrients (such as nitrates) to the root.
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Figure 2.6. Changes in soil surface and water-flow pattern when seals and crusts develop.

A varied community of organisms is your best
protection against major pest outbreaks and soil fertility
problems. A soil rich in organic matter and continually
supplied with different types of fresh residues, through
the use of cover crops, complex rotations and applied
organic materials such as compost or animal manure, is
home to a much more diverse group of organisms than
soil depleted of organic matter. The residues provide
sufficient food sources to maintain high populations of
soil organisms. There are two aspects to biological diver-
sity, both aboveground and belowground: 1) the range
of different organisms present and 2) their relative
populations (referred to as evenness). It’s good to have
diverse species of organisms, but it is a richer environ-
ment when there are also similar population sizes. For
example, if there is a moderate population of disease
organisms, we don’t just want a small population of ben-
eficial organisms present; the soil is biologically richer if
there is also a moderate population of beneficials. Good
populations of diverse organisms help ensure that fewer
potentially harmful organisms will be able to develop
sufficient numbers to reduce crop yields.

Soil Tilth

When soil has a favorable physical condition for growing

plants, it is said to have good tilth. Such a soil is porous
and allows water to enter easily, instead of running off
the surface (Figure 2.6). More water is stored in the soil
for plants to use between rains, and less erosion occurs.
Good tilth also means that the soil is well aerated. Roots
can easily obtain oxygen and get rid of carbon dioxide.
A porous soil does not restrict root development and
exploration. When a soil has poor tilth, its deteriorates
and soil aggregates break down, causing increased
compaction and decreased aeration and water storage.
A soil layer can become so compacted that roots can’t
grow. A soil with excellent physical properties will have
numerous channels and pores of many different sizes.
Studies on both undisturbed and agricultural soils
show that as organic matter increases, soils tend to
be less compact and have more space for air passage,
helping to conduct water into the soil and storing it for
plants to use. Sticky substances are produced during
the decomposition of plant residues. Along with plant
roots and fungal hyphae, they bind mineral particles
together into clumps, or aggregates. In addition, the
sticky secretions of mycorrhizal fungi—beneficial fungi
that enter roots while growing thin filaments into the
soil that help plants get more water and nutrients—are
important binding material in soils. The arrangement
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and collection of individual particles as aggregates and
the degree of soil compaction have huge effects on plant
growth (see chapters 5 and 6). The development of
aggregates is desirable in all types of soils because it pro-
motes better drainage, aeration and water storage. The
one exception is for some wetland crops, such as rice,
where you want a dense soil that keeps fields flooded.
(Although newer rice-growing systems show that high
yields can be obtained with less flooding, thereby saving
water.)

Organic matter, as residue on the soil surface or as a
binding agent for aggregates near the surface, plays an
important role in decreasing soil erosion. As with leaves
and stems of living plants, surface residues intercept
raindrops and decrease their potential to detach soil
particles. These surface residues also slow water as
it flows across the field, giving it a better chance to
infiltrate into the soil. Aggregates and large channels
greatly enhance the ability of soil to conduct water from
the surface into the subsoil. Larger pores are formed
in a number of ways. Old root channels may remain
open for some time after the root decomposes. Larger
soil organisms, such as insects and earthworms, create
channels as they move through the soil. The mucus that
earthworms secrete to keep their skin from drying out
also helps to keep their channels open for a long time.

Most farmers can tell that one soil is better than
another by looking at them, seeing how they work up
when tilled, or even by sensing how they feel when
walked on or touched. What they are seeing or sensing is
really good tilth. And digging a bit into the soil can give
a sense of its porosity and extent of aggregation.

Since erosion tends to remove the most fertile part
of the soil, it can cause a significant reduction in crop
yields. In some soils, the loss of just a few inches of top-
soil may result in a yield reduction of 50%. The surface
of some soils low in organic matter may seal over, or
crust, as rainfall breaks down aggregates and as pores
near the surface fill with solids. When this happens,

22

water that can’t infiltrate into the soil runs off the field,
carrying away valuable topsoil (Figure 2.6).

Protection of the Soil Against Rapid Changes in Acidity
Acids and bases are released as minerals dissolve

and organisms go about their normal functions of
decomposing organic materials or fixing nitrogen. Acids
or bases are excreted by the roots of plants, and acids
form in the soil from the use of nitrogen fertilizers. It

is best for plants if the soil acidity status, referred to as
pH, does not swing too wildly during the season. The pH
scale is a way of expressing the amount of free hydrogen
(H*) in the soil water, but in soils it is strongly related to
the availability of plant nutrients and toxicity of certain
elements like aluminum. It is a log scale, so a soil at pH
4 is very acidic and its solution is 10 times more acidic
than a soil at pH 5. A soil at pH 7 is neutral: there is

just as much base in the water as there is acid. Most
crops do best when the soil is slightly acid and the pH is
around 6 to 7, although there are acid-loving crops like
blueberries. Essential nutrients are more available to
plants in this pH range than when soils are either more
acidic or more basic. Soil organic matter is able to slow
down, or buffer, changes in pH by taking free hydrogen

Figure 2.7. Inan
experiment by Rich
Bartlett, adding humic
acids to a nutrient
solution increased the
growth of tomatoes
and corn as well as the
amount and branching
of roots. Corn grown in
nutrient solution with
(right) and without
(left) chelating agents
(extracted from soil).
Photo by R. Bartlett.
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out of solution as acids are produced or by giving off roots to grow longer and to have more branches. In
hydrogen as bases are produced. (For discussion about addition, free-living nitrogen fixing bacteria provide the
management of acidic soils, see Chapter 20.) plant with additional sources of that essential nutrient
while some bacteria help dissolve phosphorus from
Stimulation of Root Development minerals, which makes it more available to plants.
Humic substances in soil may stimulate root growth
and development by both increasing availability of Darkening of the Soil
micronutrients and by changing the expression of a Organic matter tends to darken soils. You can easily see
number of genes (Figure 2.7). Microorganisms in soils this in coarse-textured sandy soils containing light-
produce numerous substances that stimulate plant colored quartz minerals. Under well-drained conditions,
growth. These include a variety of plant hormones a darker soil surface allows a soil to warm up a little
and chelating agents. The stimulation by chelating faster in the spring. This provides a slight advantage
substances (siderophores) is mainly due to making for seed germination and the early stages of seedling
micronutrients more available to plants, which causes development, which is often beneficial in cold regions.

k

root respiration
and soil organic matter
decomposition

photosynthesis

crop harvest

‘ respiration
crop and . in leaves

an_imal and stems
residues

carbon in
soil
organic matter

Figure 2.8. The role of soil organic matter in the carbon cycle. lllustration by Vic Kulihin.
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Protection Against Harmful Chemicals
Some naturally occurring chemicals in soils can harm
plants. For example, aluminum is an important part of

many soil minerals and, as such, poses no threat to plants.

As soils become more acidic, especially at pH levels
below 5.5, aluminum becomes soluble. Some soluble
forms of aluminum, if present in the soil solution, are
toxic to plant roots. However, in the presence of signifi-
cant quantities of soil organic matter, the aluminum is
bound tightly and will not do as much damage.

Organic matter is the single most important soil
property that reduces pesticide leaching. It holds tightly
on to a number of pesticides. This prevents or reduces
leaching of these chemicals into groundwater and allows
time for detoxification by microbes. Microorganisms
can change the chemical structure of some pesticides,
industrial oils, many petroleum products (gas and
oils), and other potentially toxic chemicals, rendering
them harmless.

ORGANIC MATTER AND NATURAL CYCLES
The Carbon Cycle
Soil organic matter plays a significant role in a number
of global cycles. People have become more interested
in the carbon cycle because the buildup of carbon
dioxide in the atmosphere is the primary cause of
climate destabilization.

A simple version of the natural carbon cycle that
leaves out industrial sources, showing the role of soil

organic matter, is given in Figure 2.8. Carbon dioxide
is removed from the atmosphere by plants and used

to make all the organic molecules necessary for life.
Sunlight provides plants with the energy they need to
carry out this process. Plants, as well as the animals
feeding on plants, release carbon dioxide back into the
atmosphere as they use organic molecules for energy.
Carbon dioxide is also released to the atmosphere when
fuels, such as gas, oil, coal and wood are burned.

Soils are amassing the cumulative carbon and
nutrient capture from plant production, and the largest
amount of carbon present on the land is not in the living
plants but is instead stored in soil organic matter. It has
taken a while, but that understanding is now finding its
way into discussions of the carbon cycle. More carbon
is stored in soils than in all plants, all animals and the
atmosphere combined. Soil organic matter contains an
estimated four times as much carbon as living plants,
and in fact carbon stored in all the world’s soils is
two to three times the amount in the atmosphere. As
soil organic matter is depleted, it becomes a source of
carbon dioxide for the atmosphere. Also, when forests
are cleared and burned, a large amount of carbon
dioxide is released. A secondary, often larger flush of
carbon dioxide is emitted from soil through the rapid
depletion of soil organic matter following conversion of
forests to agricultural practices. There is as much carbon
in seven inches of a soil with 1% organic matter as there
is in the atmosphere above a field. If organic matter

COLOR AND ORGANIC MATTER

In lllinois, a handheld chart has been developed to allow people to estimate percent of soil organic matter. Their darkest
soils, almost black, indicate 3.5-7% organic matter. A dark brown soil indicates 2-3%, and a yellowish brown soil indicates
1.5-2.5% organic matter. (Color may not be as clearly related to organic matter in all regions because the amount of clay
and the types of minerals also influence soil color.) Recently, mobile apps have been developed that use smartphone
cameras to estimate soil organic matter content and have proven to work quite well for rough estimates.
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CLIMATE CHANGE AND SOILS

Climate change is already having profound effects on the planet by warming seas, melting glaciers and sea ice, thawing
frozen soil (permafrost), and increasing weather extremes: more heat waves, increasing intensity of rainfall in many places
and more frequent dry conditions in other locations. As we write this, the last five years (2015, 2016, 2017, 2018 and 2019)
have been the warmest since record keeping began in the 1880s. The 2018 and 2019 heat waves in North America, Europe,
and southeast and eastern Asia, as well as during the following Australian summer (beginning in December 2018 and then
again in their 20192020 summer, accompanied this time by historic wildfires), have been especially severe. July 2019 was
the warmest month ever recorded. Farming has already been affected in many parts of the world, with increasing night
temperatures lowering grain yields as more energy that plants produce during the day is used up by greater nighttime
respiration, and with regional droughts causing crop failures.

Gases such as carbon dioxide (CO,), methane (CH,) and nitrous oxide (N,O) trap heat in the atmosphere, resulting in a
warming Earth, the so-called greenhouse effect. Atmospheric carbon dioxide concentrations increased from around 320
parts per million (ppm) in the mid 1960s to 415 ppm as we write these words, and it is increasing at the rate of about 2 to 3
ppm per year. The historical conversion of forests and grasslands to farming was responsible for a large transfer of carbon
(from accelerated soil organic matter decomposition) into the atmosphere as CO,. This agricultural conversion is second
to the burning of fossil fuels as the largest contributor to increasing atmospheric CO, concentrations (remember, fossil
fuels are derived from carbon stored in ancient plants). As forests are burned and soils are plowed in order to grow crops
(enhancing the use of organic matter by soil organisms), CO, is emitted into the atmosphere.

But soils managed in ways that build up organic matter can become net sinks for carbon storage and can enhance their
health at the same time. Increasing soil organic matter is no silver bullet for combating climate change, but it can help to
slow the increase in CO, for a while if done on a massive scale all over the world. A number of non-governmental organi-
zations in the United States, along with a number of international efforts, are encouraging farmers to increase soil organic
matter levels in the form of payments for sequestering carbon. (Large-scale “geoengineering” schemes have been proposed
to take CO, out of the atmosphere or to shoot particles into the atmosphere to reflect some of the incoming radiation
from the sun. The costs and potentially negative side effects of such proposals have not been established. Thus, at present,
drastically reducing fossil fuel use through switching to renewable energy sources and reducing total energy use is the only
sure way we know to stop or reverse climate change.)

Ecologically sound management of agricultural soils using practices that promote the buildup of organic matter certainly
has a part to play in combating climate change. It offers win-win outcomes because higher levels of organic matter also in-
crease resilience of soils that are being confronted with the more intense storms and dry periods resulting from a warming
planet with increasingly destabilized weather patterns. Read further about the role of soil health in climate resilience in the
SARE bulletin Cultivating Climate Resilience on Farms and Ranches (www.sare.org/climate-resilience).
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decreases from 3% to 2%, the amount of carbon dioxide
in the atmosphere could double. (Of course, wind and

is frequently not enough available nitrogen in soils for
plants to grow their best. Both nitrate and ammonium

diffusion move the carbon dioxide to other parts of the can be used by plants, but most nitrogen used by plants
globe, and it can be absorbed by the oceans and taken up

by plants downwind during photosynthesis.)

is taken up in the nitrate form, with a small amount as
ammonium. Small quantities of some sources of amino
acids and small proteins can be absorbed. Figure 2.9
shows the nitrogen cycle and how soil organic matter
enters into the cycle. Almost all of the nitrogen in soils

The Nitrogen Cycle
Gains. Another important global process in which

organic matter plays a major role is the nitrogen cycle.
It is of direct importance in agriculture because there

exists as part of the organic matter, in forms that plants
are not able to use as their main nitrogen source. Every

atmospheric fixation
or
fertilizer production

nitrogen

fixation
crop harvest
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volatilization crop and

animal

NH," + OH —>NH, +H O residues
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Figure 2.9. The role of organic matter in the nitrogen cycle. lllustration by Vic Kulihin.
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percent organic matter in a surface soil (to 6 inches
deep) contains approximately 1,000 pounds of nitrogen.
Each year bacteria and fungi convert some portion of the
organic forms of nitrogen into ammonium, and different
bacteria convert ammonium into nitrate. Depending

on the soil organic matter levels, a typical crop may
derive 20—50% of its nitrogen from mineralized

organic matter.

Animal manures can also make large contributions
to the plant-available nitrogen pool in the soil. They typ-
ically have high organic nitrogen contents that are made
readily available when microorganisms convert organic
forms to ammonium and nitrate. Most of the crop’s
nitrogen demand can be met with manure on livestock
farms where large amounts of it are generated.

In addition to decomposing organic matter and
manure, nitrogen is also derived from some bacteria
living in soils that can “fix” nitrogen, converting nitrogen
gas to forms that other organisms, including crop plants,
can use. These can be modest amounts of nitrogen in
typical cereal crop systems but large quantities when
growing a legume. Also, inorganic forms of nitrogen,
like ammonium and nitrate, exist in the atmosphere
naturally and are sometimes enhanced by air pollution.
Rainfall and snow deposit these inorganic nitrogen
forms on the soil, but generally in modest amounts
relative to the needs of a typical crop. Inorganic nitrogen
also may be added in the form of commercial nitrogen
fertilizers, which for most cash grain crops (except
legumes like soybeans) is generally the largest nitrogen
addition. These fertilizers are derived from nitrogen gas
in the atmosphere through an industrial fixation process
that requires quite a lot of energy.

Losses. Nitrogen can be lost from a soil in a number
of ways. Soil conditions and agricultural practices gov-
ern the extent of loss and the way in which nitrogen is
lost. When crops are removed from fields, nitrogen and
other nutrients also are removed. When uncomposted
manure or certain forms of nitrogen fertilizer are placed

on the soil surface, gaseous losses (volatilization) may
occur, which may cause losses of up to 30%. The nitrate
(NO, ") form of nitrogen leaches readily from soils and
may end up in groundwater at levels unsafe for drinking
or may enter surface waters where it causes low-oxygen
“dead zones.” Leaching losses are greatest in sandy soils
and in soils with tile drainage. Organic forms of nitrate,
as well as nitrate and ammonium (NH,"), may be lost by
runoff water and erosion.

Once freed from soil organic matter, nitrogen may be
converted to forms that end up back in the atmosphere.
Bacteria convert nitrate to nitrogen (N,) and to nitrous
oxide (N,0) gases in a process called denitrification,
which can be a significant pathway of loss from soils that
are saturated. Nitrous oxide (also a potent greenhouse
gas) contributes strongly to climate change, and in fact
is estimated to be the largest agricultural contribution
to greenhouse gas emissions (more than carbon dioxide
and methane). In addition, when it reaches the upper
atmosphere, it decreases ozone levels that protect the
earth’s surface from the harmful effects of ultraviolet
(UV) radiation. So if you needed another reason to use
nitrogen fertilizers and manures efficiently—in addition
to the economic costs and the pollution of ground and
surface waters—the possible formation of nitrous oxide
should make you cautious.

The Water Cycle

Organic matter plays an important part in local, regional
and global water cycles due to its role in promoting
water infiltration into soils and storage within the soil.
The water cycle is also referred to as the hydrologic
cycle. Water evaporates from the soil surface and

from living plant leaves as well as from oceans and
lakes. Water then returns to the earth, usually far from
where it evaporated, as rain and snow. Soils high in
organic matter, with excellent tilth, enhance the rapid
infiltration of rainwater into the soil and increase
storage of water in soil. When we look at the increasing

BUILDING SOILS FOR BETTER CROPS: ECOLOGICAL MANAGEMENT FOR HEALTHY SOILS



CHAPTER 2 ORGANIC MATTER: WHAT IT IS AND WHY IT'S SO IMPORTANT

VALUE OF SOIL ORGANIC MATTER

It is very difficult, if not impossible, to come up with a meaningful monetary value for the worth of organic matter in our
soils. It positively affects so many different properties that taking them all into account and figuring out their dollar value
is an enormous task. One percent organic matter in the top 6 inches of an acre of soil contains about 1,000 pounds of
nitrogen. At about 45 cents per pound, this alone is worth about $450 for every percent organic matter in your soil. Adding
in the value of 100 pounds each of phosphorus, sulfur and potassium, the total comes to $500 per acre for every percent
of organic matter. But we also need to consider other nutrients that are present and the beneficial effects that organic
matter has on reducing other inputs and increasing yields. And what are the monetary benefits of reduced flooding, water
pollution and climate change? We know it truly is an invaluable resource, but it is difficult to put an exact price on it.

occurrence of major flooding in parts of the world,
especially in the U.S. grain belt, we point to climate
change. But surely this is worsened by the gradual
degradation of regional soils that are mostly used for
intensive crop production.

The water that has entered the soil may be available
for plants to use or it may percolate deep into the subsoil
and help to recharge the groundwater supply. Since
groundwater is commonly used as a drinking water
source for homes and for irrigation, recharging ground-
water is important. When the soil’s organic matter level
is depleted, it is less able to accept and store water, and
high levels of runoff and erosion result. This means less
water for plants and decreased groundwater recharge.

SUMMARY

Soil organic matter is the key to building and
maintaining healthy soils because it has such great
positive influences on essentially all soil properties—
aggregation, nutrient availability, soil tilth and water
availability, biological diversity and so on—helping to
grow healthier plants. Organic matter consists mainly
of the living organisms in the soil (“the living”), the
fresh residue (“the dead”), and the well-decomposed
(or burned) material physically or chemically protected
from decomposition (“the very dead”). Residue trapped

inside aggregates (a portion of “the dead” organic
matter), especially small ones, is protected also from
decomposition because organisms are unable to access
the material. Each of these types of organic matter plays
an important role in maintaining healthy soils. Soil
organic matter transformations are a key part of plant
nutrition and the ability to achieve good crop yields. Soil
organic matter is also an integral part of local and global
cycles of carbon, nitrogen and water, impacting many
aspects that define the sustainability and future survival
of life on earth.
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Chapter 3

AMOUNT OF ORGANIC MATTER IN SOILS

The depletion of the soil humus supply is apt to be a fundamental cause of lowered crop yields.

—J.L.HILLS, CH. JONES AND C. CUTLER, 1908

The amount of organic matter in any particular soil
is the result of a wide variety of environmental, soil and
agronomic influences. Some of these, such as climate
and soil texture, are naturally occurring. Hans Jenny
carried out pioneering work on the effect of natural
influences on soil organic matter levels in the United
States more than 70 years ago. But agricultural practices
also influence soil organic matter levels. Tillage, crop
rotation and manuring practices all can have profound
effects on the amount of soil organic matter.

The amount of organic matter in a soil is the result
of all the additions and losses of organic materials
that have occurred over the years (Figure 3.1). In this
chapter, we will look at why different soils have varying

levels of organic matter. While we will be looking mainly
at the total amount of organic matter, keep in mind

that all three “types” of organic matter—the living, dead
and very dead—serve critical roles, and the amount of
each may be affected differently by natural factors and
agricultural practices.

Anything that adds large amounts of organic
residues to a soil may increase organic matter. On the
other hand, anything that causes soil organic matter to
decompose more rapidly or to be lost through erosion
may deplete organic matter.

If additions are greater than losses, organic mat-
ter increases, which happens naturally when soils are
formed over many years. When additions are less than

additions
root exudates
plant residues

manures

composts

Figure 3.1. Additions and losses of organic matter from soils.

losses

CO, (respiration
of soil organisms)

erosion

Photo by Jerry DeWitt
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STORAGE OF ORGANIC MATTER IN SOIL

Organic matter is protected in soils by:

« Being inside small aggregates (physically protected)

« Formation of strong chemical bonds between organic matter and clay particles (and fine silt)

« Conversion into stable substances such as humic materials that are resistant to biological decomposition
* Restricted drainage that reduces the activity of the decomposing organisms that need oxygen to function
Stable char chemistry that is produced by incomplete burning

Large aggregates are made up of many smaller ones that are held together by sticky substances from roots, bacterial col-
onies and fungal hyphae. Organic matter in large aggregates—but outside of the small aggregates that make up the larger
ones—and freely occurring particulate organic matter (the “dead”) are available for soil organisms to use. However, poor
aeration resulting from restricted drainage because of a dense subsurface layer, compaction or being at the bottom of a
slope or wetland area may cause a low rate of use of the organic matter. So the organic matter needs to be in a favorable
chemical form and physical location for organisms to use it; plus, the environmental conditions in the soil—adequate
moisture and aeration—need to be sufficient for most soil organisms to use the residues and thrive.

losses, there is a depletion of soil organic matter, which
generally happens when soils are put into crop produc-
tion. When the system is in balance and additions equal
losses, the quantity of soil organic matter doesn’t change
over the years.

NATURAL FACTORS

Temperature

In the United States, it is easy to see how temperature
affects soil organic matter levels. Traveling from north
to south, higher average temperatures lead to less soil
organic matter. As the climate gets warmer, two things
tend to happen (as long as rainfall is sufficient): More
vegetation is produced because the growing season

is longer, and the rate of decomposition of organic
materials in soils increases because soil organisms work
more rapidly and are active for longer periods of the
year at higher temperatures. Faster decomposition with
warmer temperatures becomes the dominant influence
determining soil organic matter levels.

In the arctic and alpine regions there is not a lot of
organic matter added to soils each year because of the
very short season during which plants can grow. But
arctic soils have high levels of organic matter because of
the extremely slow decomposition rate caused by cold
(and freezing) temperatures. However, with the Arctic’s
temperature increasing and with the thawing of frozen
soils, organic matter can be rapidly lost as microorgan-
isms use it to live and give off CO, during their respi-
ration. Another greenhouse gas trapped in these soils,
methane (CH,), is also being lost to the atmosphere.
Thereby, the warming of the arctic and alpine regions is
especially worrisome.

Rainfall

Soils in arid climates usually have low amounts of
organic matter. In a very dry climate, such as a desert,
there is little growth of vegetation. Decomposition is
also low because of low amounts of organic inputs and
low microorganism activity when the soil is dry. When
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it finally rains, a very rapid burst of decomposition of
soil organic matter occurs. Soil organic matter levels
generally increase as average annual precipitation
increases. With more rainfall, more water is available
to plants, and more plant growth results. As rainfall
increases, more residues return to the soil from
grasses or trees. At the same time, soils in high rainfall
areas may have less organic matter decomposition
than well-aerated soils. Decomposition is slowed by
restricted aeration.

Soil Texture

Fine-textured soils, containing high percentages of
clay and silt, tend to have naturally higher amounts

of soil organic matter than coarse-textured sands or
sandy loams. The organic matter content of sands

may be less than 1%; loams may have 2% to 3%, and
clays from 4% to more than 5%. The strong chemical
bonds that develop between organic matter and clay
and fine silt protect organic molecules from attack and
decomposition by microorganisms and their enzymes.
Also, clay and fine silt combine with organic matter

to form very small aggregates that in turn protect

the organic matter inside from organisms and their
enzymes. In addition, fine-textured soils tend to have
smaller pores and less oxygen than coarser soils. This
also limits decomposition rates, one of the reasons that
organic matter levels in fine-textured soils are higher
than in sands and loams.

Soil Drainage and Position in the Landscape
Decomposition of organic matter occurs more slowly

in poorly aerated soils. In addition, some major plant
compounds such as lignin will not decompose at all in
anaerobic environments. For this reason, organic matter
tends to accumulate in wet soil environments. When
conditions are extremely wet or swampy for a very long
period of time, organic (peat or muck) soils develop,
with organic matter contents of more than 20%. When

these soils are artificially drained for agricultural or
other uses, the soil organic matter will decompose
rapidly. When this happens, the elevation of the soil
surface actually decreases. Homeowners on organic soils
in Florida normally sink the corner posts of their houses
below the organic level to provide stability. Originally
level with the ground, some of those homes now perch
on posts atop a soil surface that has decreased so
dramatically that the owners can park their cars under
their homes!

Soils in depressions at the bottom of hills or in flood-
plains receive runoff, sediments (including organic mat-
ter) and seepage from upslope, and tend to accumulate
more organic matter than drier soils farther upslope. In
contrast, soils on a steep slope or knoll will tend to have
low amounts of organic matter because the topsoil is
continually eroded.

Type of Vegetation

The type of plants that grow on the soil as it forms

can be an important source of natural variation in soil
organic matter levels. Soils that form under grassland
vegetation generally contain more and a deeper
distribution of organic matter than soils that form
under forest vegetation. This is probably a result of the
deep and extensive root systems of grassland species
(Figure 3.2). Their roots have high “turnover” rates as
root die-off and decomposition constantly occur and

as new roots are formed. Dry natural grasslands also
frequently experience slow-burning fires from lightning
strikes, which contribute biochar that is very resistant
to degradation. The high levels of organic matter in soils
that were once in grassland partly explain why these
are now some of the most productive agricultural soils
in the world. By contrast, in forests, litter accumulates
on top of the soil, and surface organic layers commonly
contain over 50% organic matter. However, the mineral
layers immediate below typically contain less than 2%
organic matter.
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Figure 3.2. Root systems of annual wheat (at left in each panel) and
wheatgrass, a perennial, at four times of the year. Approximately 25-40%
of the wheatgrass root system dies back each year, adding considerable
amounts of organic matter, and then grows back again. Compared to
annual wheat, it has a longer growing season and has much more growth
both above ground and below ground. Wheatgrass was 12 and 21 months
old when the first and last photos were taken. Photo by the Land
Institute.

Acidic Soil Conditions

In general, soil organic matter decomposition is slower
under acidic soil conditions than at a more neutral pH.
In addition, acidic conditions, by inhibiting earthworm
activity, encourage organic matter to accumulate at the
soil surface, rather than to distribute throughout the
soil layers.

HUMAN INFLUENCES

Erosion loss of topsoil that is rich in organic matter

has dramatically reduced the total amount of organic
matter stored in many soils after they were developed
for agriculture. Crop production obviously suffers when
part of the most fertile layer of the soil is removed.
Erosion is a natural process and occurs on almost

all soils. Some soils naturally erode more easily than
others, and the problem is greater in some regions (like
dry sparsely vegetated areas) than others. However,
agricultural practices greatly accelerate erosion whether
by water, wind or even tillage practices themselves (see
Chapter 16). It is estimated that erosion in the United
States is responsible for annual losses of about $1 billion
in available nutrients and many times more in total

soil nutrients.

Unless erosion is severe, a farmer may not even real-
ize a problem exists. But that doesn’t mean that crop
yields are unaffected. In fact, yields may decrease by
5—10% when only moderate erosion occurs. Yields may
suffer a decrease of 10—20% or more with severe erosion.
The results of a study of three Midwestern soils (referred
to as Corwin, Miami and Morley), shown in Table 3.1,
indicate that erosion greatly affects both organic matter
levels and water-holding ability. Greater amounts of
erosion decreased the organic matter content of these

ROOT VERSUS ABOVEGROUND RESIDUE CONTRIBUTION TO SOIL ORGANIC MATTER

Roots, already being well distributed and in intimate contact with the soil, tend to contribute a higher percentage of

their weight to the more persistent organic matter (‘dead” and “very dead”) than to aboveground residues. In addition,
compared to aboveground plant parts, many crop roots have higher amounts of materials such as lignin that decompose
relatively slowly. One experiment with oats found that only one-third of the surface residue remained after one year, while
42% of the root organic matter remained in the soil and was the main contributor to particulate organic matter. In another
experiment, five months after spring incorporation of hairy vetch, 13% of the aboveground carbon remained in the soil,
while close to 50% of the root-derived carbon was still present. Both experiments found that the root residue contributed
much more to particulate organic matter (active, or “dead”) than did aboveground residue.
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loamy and clayey soils. In addition, eroded soils stored
less available water than minimally eroded soils.

Organic matter also is lost from soils when organ-
isms decompose more organic materials during the year
than are added. This occurs as a result of practices that
accelerate decomposition, such as intensive tillage and
crop production systems that return low amounts of
plant biomass, directly as crop residues or indirectly as
manure. Even with residue retention, cash grain produc-
tion systems export 55—60% of the organic matter off
the farm. Therefore, much of the rapid loss of organic
matter following the conversion of grasslands to agricul-
ture has been attributed to large reductions in plant resi-
due annually returned to soil, accelerated mineralization
of organic matter because of plowing, and erosion.

Tillage Practices

Tillage practices influence both the amount of topsoil
erosion and the rate of decomposition of organic matter.
Conventional plowing and disking provide multiple
short-term benefits: creating a smooth seedbed,
stimulating nutrient release by enhancing organic
matter decomposition, and helping control weeds. But
by breaking down natural soil aggregates, intensive
tillage destroys large, water-conducting channels and
the soil is left in a physical condition that is highly
susceptible to wind and water erosion.

The more a soil is disturbed by tillage practices, the
greater the potential breakdown of organic matter by
soil organisms. This happens because organic matter
held within aggregates becomes readily available to soil
organisms when aggregates are broken down during
tillage. Incorporating residues with a moldboard plow,
breaking aggregates open and fluffing up the soil also
allow microorganisms to work more rapidly. It’s some-
thing like opening up the air intake on a wood stove,
which lets in more oxygen and causes the fire to burn
hotter. Rapid loss of soil organic matter (and a burst
of CO, pumped into the atmosphere) occurs in the

Table 3.1
Effects of Erosion on Soil Organic Matter and Water
Organic Available Water
Soil Erosion Matter (%) Capacity (%)

slight 3.03 19

Corwin moderate 2.51 98
severe 1.86 6.6

slight 1.89 16.6

Miami moderate 1.64 15
severe 1.51 48

slight 191 74

Morley moderate 176 6.2
severe 1.6 3.6

Source: Schertz et al. (1985).

early years because of the high initial amount of active
(“dead”) organic matter available to microorganisms.

In Vermont, we found a 20% decrease in organic matter
after five years of growing silage corn on a clay soil that
had previously been in sod for decades. During the early
years of agriculture in the United States, when colo-
nists cleared the forests and planted crops in the East,
and farmers later moved to the Midwest to plow the
grasslands, soil organic matter decreased rapidly as the
soils were literally mined of this valuable resource. In
the Midwest, many soils lost 50% of their organic matter
within 40 years of the onset of cropping. It was quickly
recognized in the Northeast and Southeast that fertiliz-
ers and soil amendments were needed to maintain soil
productivity. In the Midwest, the deep, rich soils of the
tall-grass prairies were able to maintain their produc-
tivity for a long time despite accelerated loss of soil
organic matter and significant amounts of erosion. The
reason for this was their unusually high reserves of soil
organic matter and nutrients at the time of conversion
to cropland.

After much of the biologically active portion is lost,
the rate of organic matter loss slows and what remains
is mainly the already well-decomposed “passive” or
“very dead” materials. With the current interest in
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reduced (“conservation”) tillage, growing row crops in
the future should not have such a detrimental effect

on soil organic matter. Conservation tillage practices
leave more residues on the surface and cause less soil
disturbance than conventional moldboard plows and
disks. In fact, soil organic matter levels usually increase
when no-till planters place seeds in a narrow band of
disturbed soil, leaving the soil between planting rows
undisturbed. Residues accumulate on the surface
because the soil is not inverted by plowing. Earthworm
populations increase because they are naturally adapted
to feeding on plant residues left at the soil surface. They
take some of the residues deeper into the soil and create
channels that also help water infiltrate into the soil.

The beneficial effects on soil organic matter levels from
minimizing tillage are often observed quickly at the soil
surface, but deeper changes are much slower to develop.
In the upper Midwest there is conflicting evidence as to
whether a long-term no-till approach results in greater
accumulation of soil organic matter than a conventional
tillage system when the full profile is considered. In
contrast, significant increases in profile soil organic
matter have been routinely observed under no-till in
warmer locations.

Crop Rotations and Cover Crops

Levels of soil organic matter may fluctuate during the
different stages of a crop rotation. Soil organic matter
may decrease, then increase, then decrease, and so forth.
While annual row crops under conventional moldboard-
plow cultivation usually result in decreased soil organic
matter, perennial legumes, grasses and legume-grass
forage crops tend to increase soil organic matter. The
high amount of root production by hay and pasture
crops, plus the lack of soil disturbance, causes organic
matter to accumulate in the soil. This effect is seen in the
comparison of organic matter increases when growing
alfalfa compared to corn silage (Figure 3.3). In addition,
different types of crops result in different quantities of
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Figure 3.3. Organic carbon changes when growing corn silage or alfalfa.
Redrawn from Angers (1992).

residues being returned to the soil. When corn grain is
harvested, more residues are left in the field than after
soybean, wheat, potato or lettuce harvests. Harvesting
the same crop in different ways leaves different amounts
of residues. When corn grain is harvested, more
residues remain in the field than when the entire plant is
harvested for silage or when stover is used for purposes
like bioenergy (Figure 3.4). You can therefore imagine a
worst case scenario when a field has continuous annual
row crop production, with grain and residue harvested
from the field, and is combined with intensive tillage
and no other organic additions like manure, compost or
cover crops.

Soil erosion is greatly reduced and topsoil rich in
organic matter is conserved when rotation crops, such
as grass or legume hay, are grown year round. The
permanent soil cover and extensive root systems of sod
crops account for much of the reduction in erosion.
Having sod crops as part of a rotation reduces the loss of
topsoil, decreases decomposition of residues, and builds
up organic matter by the extensive residue addition of
plant roots.

Cover crops help protect soils from erosion during
the part of the year between commercial crops when
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soils would otherwise be bare. In addition to protecting
organic-matter-rich topsoil from erosion, cover crops
may add significant amounts of organic materials to soil.
But the actual amount added is determined by the type
of cover crop (grass species versus legumes versus bras-
sicas, etc.) and how much biomass accumulates before

it is suppressed/killed in order to plant the following
commercial crop.

Use of Synthetic Nitrogen Fertilizer

Fertilizing nutrient-deficient soils usually results in greater
crop yields. A significant additional benefit is that it

also achieves greater amounts of crop residue—roots,
stems and leaves—resulting from larger and healthier
plants. Most crop nutrients are applied in reasonable
balance with crop uptake if the soil is regularly tested.
However, nitrogen management is more challenging and
includes more risk to farmers. Therefore, N fertilizer is
commonly applied at much higher rates than needed by
plants, sometimes by as much as 50%, which is costly
and also creates environmental problems. (See Chapter
19 for a detailed discussion of nitrogen management.)

Use of Organic Amendments
An old practice that helps maintain or increase soil

a) corn silage

organic matter is to apply manures or other organic
residues generated off the field. This happened naturally
in older farming systems where crops and livestock were
raised on the same farm, and much of the crop organic
matter and nutrients was recycled as manure. A study

in Vermont found that between 20 and 30 tons (wet
weight, including straw or sawdust bedding) of dairy
manure per acre were needed to maintain soil organic
matter levels when silage corn was grown each year.
This is equivalent to one or one and a half times the
amount produced by a large Holstein cow over the whole
year. Varying types of manure—bedded, liquid stored,
digested, etc.—can produce very different effects on soil
organic matter and nutrient availability. Manures differ
in their initial composition and are affected by how they
are stored and handled in the field, for example, surface
applied or incorporated, which we discuss in Chapter 12.

ORGANIC MATTER DISTRIBUTION WITHIN SOIL
With Depth

In general, more organic matter is present near the
surface than deeper in the soil (see Figure 3.5). This
is one of the main reasons that topsoils are more
productive than subsoils that become exposed by
erosion or mechanical removal of surface soil layers.

b) corn grain

Figure 3.4. Soil surface after harvest of corn silage or corn grain. Photos by Bill Jokela and Doug Karlen.
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Figure 3.5. Examples of soil organic matter content with depth (note different scales for forest and prairie soils). Modified from Brady and Weil (2008).

Some of the plant residues that eventually become part
of the soil organic matter are from the aboveground
portion of plants. In most cases, plant roots are believed
to contribute more to a soil’s organic matter than do
the crop’s shoots and leaves. But when the plant dies or
sheds leaves or branches, thus depositing residues on
the surface, earthworms and insects help incorporate
the residues on the surface deeper into the soil. The
highest concentrations of organic matter, however,
remain within 1 foot of the surface.

Litter layers that commonly develop on the surface
of forest soils may have very high organic matter con-
tents (Figure 3.5a). Plowing forest soils after removal of
the trees incorporates the litter layers into the mineral
soil. The incorporated litter decomposes rapidly, and
an agricultural soil derived from a sandy forest soil
in the North or a silt loam in the South would likely
have a distribution of organic matter similar to that
indicated in Figure 3.5b. Soils of the tall-grass prairies

38

have a deeper distribution of organic matter (see Figure
3.5¢). After cultivation of these soils for 50 years, far
less organic matter remains (Figure 3.5d). In addi-

tion to accelerated organic matter loss caused by soil
disturbance and aggregate breakdown, there is much
less input of organic matter from crops that grow for
three or four months during the year when compared to
prairie vegetation.

Inside and Outside Aggregates

Organic matter occurs outside of aggregates as living
roots, larger organisms or pieces of residue from a past
harvest. Some organic matter is even more intimately
associated with soil. Humic materials may be adsorbed
onto clay and small silt particles, and small- to medium-
size aggregates usually contain particles of organic
matter. The organic matter inside very small aggregates
is physically protected from decomposition because
microorganisms and their enzymes can’t reach inside.
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This organic matter also attaches to mineral particles
and thereby makes the small particles stick together
better. The larger soil aggregates, composed of many
smaller ones, are held together primarily by the hyphae
of fungi with their sticky secretions, by sticky substances
produced by other microorganisms, and by roots and
their secretions. Microorganisms are also found in

very small pores within larger aggregates, which can
sometimes protect them from their larger predators:
paramecium, amoeba and nematodes.

There is an interrelationship between the amount of
fines (silt and clay) in a soil and the amount of organic
matter needed to produce stable aggregates. The higher
the clay and silt content, the more organic matter is
needed to produce stable aggregates, because more
is needed to occupy the surface sites on the minerals
during the process of organic matter accumulation. In
order to have more than half of the soil composed of
water-stable aggregates, a soil with 50% clay may need
twice as much organic matter as a soil with 10% clay.

ACTIVE VERSUS PASSIVE ORGANIC MATTER

Most of the discussion in this chapter so far has been
about the factors that control the quantity and location
of total organic matter in soils. However, we should
keep in mind that we are also interested in balancing the
different types of organic matter in soils: the living, the
dead (active) and the very dead (humus). As discussed
earlier, a portion of soil organic matter is protected from
decomposition because of its chemical composition,

by being adsorbed on clay particles, or by being inside
small aggregates that organisms can’t access (Table

3.2). We don’t want just a lot of passive organic

matter (humus) in soil, we also want a lot of active
organic matter to provide nutrients and aggregating
glues when it decomposes. It supplies food to keep a
diverse population of organisms present. When forest
or grassland soils were first cultivated, rapid organic
matter decreases were almost entirely due to a loss

Table 3.2
Location and Type of Soil Organic Matter

Type Location

Roots and soil organisms live in spaces
Living between medium to large aggregates and
inside large aggregates

Fresh and partially decomposed residue in

'(Adc::g; spaces between medium to large aggregates
and inside large aggregates
a) Molecules and fragments of dead mi-
croorganisms tightly held on clay and
Passive silt particles;
(very dead) b) particles of organic residue inside very

small (micro) aggregates;
c) organic compounds that by their composi-
tion are difficult for organisms to use.

of the unprotected and therefore biologically active
(“dead”) component. But although it decreases fastest
when intensive tillage is used, the active portion also
increases fastest when soil building practices such as
reduced tillage, improved rotations, cover crops, and
applying manures and composts are used to increase
soil organic matter.

AMOUNTS OF LIVING ORGANIC MATTER

In Chapter 4, we discuss the various types of organisms
that live in soils. The weight of fungi present in forest
soils is much greater than the weight of bacteria. In
grasslands, however, there are about equal weights of
the two. In agricultural soils that are routinely tilled, the
weight of fungi is less than the weight of bacteria. The
loss of surface residues with tillage lowers the number
of surface-feeding organisms. And as soils become
more compact, larger pores are eliminated first. To give
some perspective, a soil pore that is 1/25 of an inch (1
millimeter) is considered large. These are the pores in
which soil animals, such as earthworms and beetles,
live and function, so the number of such organisms in
compacted soils decreases. Plant root tips are generally
about 0.1 millimeter (1/250 of an inch) in diameter.
Very compacted soils that lost pores greater than that
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size have serious rooting problems. The elimination of
smaller pores and the loss of some of the network of
small pores with even more compaction is a problem for
even small soil organisms.

The total amounts (weights) of living organisms vary
in different cropping systems. In general, soil organisms
are more abundant and diverse in systems with complex
rotations that return more diverse crop residues and
that use other organic materials such as cover crops,
animal manures and composts. Leaves and grass clip-
pings may be an important source of organic residues
for gardeners. When crops are rotated regularly, fewer
parasite, disease, weed and insect problems occur than
when the same crop is grown year after year.

On the other hand, frequent cultivation reduces
the populations of many soil organisms because their
food supplies are depleted by decomposition of organic
matter. Compaction from heavy equipment also causes
harmful biological effects in soils. It decreases the
number of medium to large pores, which reduces the
volume of soil available for air, water and populations
of organisms, such as mites and springtails, which need
the large spaces in which to live.

HOW MUCH ORGANIC MATTER IS ENOUGH?

We already mentioned that soils with higher levels of
fine silt and clay usually have higher levels of organic
matter than those with a sandier texture. However,
unlike plant nutrients or pH levels, there are few
accepted guidelines for adequate organic matter content
in particular agricultural soils. We do know some
general guidelines. For example, 2% organic matter in

a sandy soil is very good and difficult to reach, but in a
clay soil 2% indicates a greatly depleted situation. The
complexity of soil organic matter composition, including
biological diversity of organisms, as well as the actual
organic chemicals present, means that there is no simple
interpretation for total soil organic matter tests. We also
know that soils higher in silt and clay need more organic

matter to produce sufficient water-stable aggregates to
protect soil from erosion and compaction.

Some research has been conducted to determine
the levels of organic matter where the fine soil mineral
particles become saturated, having adsorbed as many
organic compounds as possible. This provides some
guidance where the soil is in terms of the current versus
the potential organic matter level and whether or not
the soil is at an upper equilibrium level. It also tells us
whether the soil has the potential to store more organic
matter as part of a carbon farming effort (carbon is
58% of organic matter). In this calculation, a soil with
20% silt and clay, for example, can store a maximum
of 3.6% organic matter, while a soil with 80% silt and
clay can hold 6.1% organic matter. This does not include
the additional particulate organic matter that may
be either subject to rapid decomposition (active) or
protected from decomposition by soil organisms inside
small (micro) aggregates (part of the passive organic
matter). However, the clay content and type of clays
present influence the amount of organic matter particles
“stored” inside micro-aggregates.

Organic matter accumulation takes place slowly and
is difficult to detect in the short term by measurements
of total soil organic matter. However, even if you do
not greatly increase soil organic matter (and it might
take years to know how much of an effect is occurring),
improved management practices such as adding organic
materials, creating better rotations and reducing tillage
will help maintain the levels currently in the soil. And,
perhaps more important, continuously adding a variety
of residues results in plentiful supplies of “dead” organic
matter—the relatively fresh particulate organic mat-
ter—that helps maintain soil health by providing food
for soil organisms and promoting the formation of soil
aggregates. We now have a soil test that tells you early
on whether you are moving your organic matter levels
in the right direction. It determines the amount of
organic matter thought to be the active portion, is more
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sensitive to soil management than total organic matter
and is an early indicator for soil health improvement
(see Chapter 23).

The question will be raised, “How much organic
matter should be assigned to the soil?”
No general formula can be given. Soils vary
widely in character and quality. Some can
endure a measure of organic deprivation ...
others cannot. On slopes, strongly erodible soils,
or soils that have been eroded already,
require more input than soils on level lands.

—HANS JENNY, 1980

ORGANIC MATTER AND CROPPING SYSTEMS

Natural (virgin) soils generally have much higher organic
matter levels than agricultural soils. But there are also
considerable differences among cropping systems that
can be generalized as follows: In a cash grain operation,
about 55—-60% of the aboveground plant biomass is har-
vested as grain and sold off the farm, thereby returning
less than half of the mass of the aboveground plant to
the soil. The nutrients removed in the crops are replaced
through fertilizers, but the carbon is not. On dairy farms,
on the other hand, the crops are commonly fully harvested
as a forage and fed to the animals, and then most of the
plant biomass, including nutrients and carbon, is returned
to the field as manure. While most dairy farms also grow
their own feed grain, some import grain from other
places, thereby accumulating additional organic matter
and nutrients. When considering a typical conventional
vegetable operation, as with cash grain, much of the
plant biomass is harvested and sold off the farm, with
limited return to the land. But a typical organic vegetable
system imports a lot of compost or manure to maintain
soil fertility and thereby applies quite a lot of organic
matter to the soil. They are also more likely to grow a
green manure crop to build fertility for the cash crop.

A recent New York study analyzed soil organic mat-
ter levels and soil health for such distinctive cropping
systems and found considerable differences (Table
3.3). Soils that were used to grow annual grain crops
(corn, soybeans, wheat) averaged 2.9% organic matter
and conventional processing vegetables averaged 2.7%.
Dairy fields averaged somewhat higher levels (3.4%) and
mixed vegetables (mainly small organic farms) aver-
aged 3.9% organic matter. The highest organic matter
levels, however, were measured for pastures (4.5%),
where much of the plant is recycled as manure and the
soil is not tilled. As a result of the soil management and
organic matter dynamics, the physical condition of the
soil is also impacted. Aggregate stability, which is a good
indicator of the physical health of the soil, is greater
when the organic matter content is higher and the soil is
not tilled (Table 3.3).

THE DYNAMICS OF RAISING AND MAINTAINING
SOIL ORGANIC MATTER LEVELS

It is not easy to dramatically increase the organic matter
content of soils or to maintain elevated levels once they
are reached. In addition to using cropping systems that
promote organic matter accumulation, it requires a
sustained effort that includes a number of approaches
that add organic materials to soils and minimize losses.
It is especially difficult to raise the organic matter
content of soils that are very well aerated, such as
coarse sands, because of low potential for aggregation
(which shelters organic matter from microbial attack)
and limited protective bonds with fine minerals. Soil
organic matter levels can be maintained with lower
additions of organic residues in high-clay-content soils
with restricted aeration than in coarse-textured soils
because of the slower decomposition. Organic matter
can be increased much more readily in soils that have
become depleted of organic matter than in soils that
already have a good amount of organic matter given
their texture and drainage condition.
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Table 3.3
Organic Matter Levels and Percent Soil in Water-Stable Aggregates Associated with Different Cropping Systems in New York

Cropping System Description Organic Matter (%) Aggrega;;ﬂ)s et
Conventional vegetable Intensive tillage; mostly inorganic fertilizer; crop biomass removed 27 27
Annual grain Range of tillage; mostly inorganic fertilizer; crop biomass mostly removed 29 30

. Rotation with perennial forage crops; mostly intensive tillage with corn silage;
Dairy . 34 36
crop biomass removed but mostly recycled through manure
Mixed vegetable Intensive tillage; green manure and cover crops;
- A e 39 44
(mostly organic) mostly organic fertilizer like compost
Pasture No-till; perennial forage crop; crop biomass mostly recycled through manure 45 70
Starting Point residues, like manure from a livestock farm to a farm

It is good to consider the soil’s current status when you
build up organic matter in a soil. A useful analogy is

the three glasses of water in Figure 3.6 that represent
organic matter levels in different cropping systems. We
are generalizing here, but some soils that are severely
degraded (case 1, say from severe erosion or intensive
tillage, etc.) have low organic matter levels (empty glass)
and have the potential to increase and store much more.
Another soil (case 3) may be in a cropping system that
has for a long time been cycling much of the organic
matter or has received a lot of external organic inputs
as we discussed previously. Here the glass is nearly

full and not much additional organic matter can be
stored. In such cases we should focus on protecting the
existing organic matter levels by minimizing losses. The
in-between scenario (case 2) may be a conventional
grain or vegetable farm where organic matter levels are
suboptimal and can still be increased. In the context of
carbon farming and raising overall soil organic matter
levels, benefits will accrue more in cases 1 and 2 than in
case 3, where the soil is already close to being saturated
with organic matter. Moreover, if farms that fit case

3 are located near those that fit cases 1 or 2, there are
potential gains from transferring the excess organic

growing only grain crops. Note: The amount of stored
organic matter also depends on the soil type, especially
clay content, and you may imagine a larger glass for a
fine soil than a coarse soil, and the fullness of the glass is
similarly proportional.

Adding Organic Matter
When you change practices on a soil depleted in
organic matter, perhaps one that has been intensively

1 2. 3.
Severely Conventional Livestock or
degraded crop farm organic farm

Carbon and
nutrient
storage

Carbon and
nutrient

Carbon and sioges

nutrient
storage

Figure 3.6. Soil organic matter (carbon) levels vary in different soils and
cropping systems, analogous to glasses filled with variable amounts
of water.
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row-cropped for years and has lost a lot of its original
aggregation, organic matter will increase slowly, as
diagrammed in Figure 3.7. At first, any free mineral
surfaces that are available for forming bonds with
organic matter will form organic-mineral bonds.
Small aggregates will also form around particles of
organic matter, such as the outer layer of dead soil
microorganisms or fragments of relatively fresh
residue. Then larger aggregates will form, made up of
the smaller aggregates and held by a variety of means:
frequently by mycorrhizal fungi and small roots. Once
all possible mineral sites have been occupied by organic
molecules and all of the small aggregates have been
formed around organic matter particles, organic matter
accumulates mainly as free particles, within the larger
aggregates or completely unaffiliated with minerals.
This is referred to as free particulate organic matter.
After you have followed similar soil-building practices
(for example, cover cropping or applying manures) for
some years, the soil will come into equilibrium with
your management and the total amount of soil organic
matter will not change from year to year. In a sense,
the soil is “saturated” with organic matter as long as
your practices don’t change. All the sites that protect

free particulate
organic matter

(9) 49338W 21ULB.I0 JO UOILIOd

mineral-associated organic matter

increasing soil organic matter =——

Figure 3.7. Organic matter changes in soil as practices favoring buildup
are implemented. Redrawn and modified from Angers (1992).

organic matter (chemical bonding sites on clays and
physically protected sites inside small aggregates) are
occupied, and only free particles of organic matter can
accumulate. But because there is little protection for the

HOW MUCH ORGANIC MATERIAL IS NEEDED TO INCREASE SOIL ORGANIC MATTER BY 1%?

To increase organic matter in your soil by 1%, let’s say from 2% to 3%, requires a lot of organic material to be added. This
usually takes the form of plant roots, aboveground plant residues, manures and composts. But to give an idea of how
much needs to be added for such a seemingly small increase (and is actually a LARGE increase), let’s do some calculations.
A surface soil to 6 inches weighs about 2 million pounds. One percent organic matter in this soil would then weigh 20,000
pounds. But when organic material is added to soil, a large percentage is used as food by soil organisms, so a lot is lost
during decomposition. If we assume that 80% is lost as soil organisms go about their lives and 20% eventually ends up as
relatively stable soil organic matter, some 100,000 pounds (50 tons!) of organic materials (dry weight) would be needed.
Because smaller amounts of residue are usually added to soils, large soil organic matter increases usually take time. In addi-
tion, soils with different amounts of clay and with different degrees of drainage have different abilities to protect organic
materials from decomposition (see Table 3.4).
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Table 3.4
Estimated Levels of Soil Organic Matter after Many Years with Various Rates of Decomposition (Mineralization) and Residue Additions*

Fine texture, Coarse texture,
poorly aerated well aerated

Annual rate of organic matter decomposition

Added to soil if 20%
remains after one year

Annual organic

material additions** 2% 3% 4%

----- pounds per acre per year----- -----equilibrium % organic matter in soil-----
2,500 500 25 13 0.8 0.6 0.5
5,000 1,000 5 25 17 13 1
7,500 1,500 75 38 25 19 15
10,000 2,000 10 5 33 25 2

*Assumes the upper 6 inches (15 centimeters) of soil weighs 2 million pounds.
**10,000 pounds per acre addition is equivalent to 11,200 kilograms per hectare.

free particles of organic matter, they tend to decompose combinations of addition and decomposition rates
relatively rapidly under normal (oxidized) conditions. indicates some dramatic differences (Table 3.4). It

The reverse of what is depicted in Figure 3.7 occurs takes about 5,000 pounds of organic residues added
when management practices that deplete organic matter annually to a sandy loam soil (with an estimated
are used. First, free particles of organic matter are decomposition rate of 3% per year) to result eventually
depleted, and then physically protected organic matter in a soil with 1.7% organic matter. On the other hand,
becomes available to decomposers as aggregates are 7,500 pounds of residues added annually to a well-
broken down. What usually remains after many years of drained, coarse-textured soil (with a soil organic matter
soil-depleting practices is organic matter that is tightly mineralization, or decomposition, rate of 5% per year)
held by clay mineral particles and trapped inside very are estimated to result after many years in only 1.5% soil
small (micro) aggregates. organic matter.

Normally when organic matter is accumulating
Equilibrium Levels of Organic Matter in soil it will increase at the rate of tens to hundreds
Assuming that the same management pattern has of pounds per acre per year, but keep in mind that
occurred for many years, a fairly simple model can be the weight of organic material in 6 inches of soil that
used to estimate the percent of organic matter in a soil contains 1% organic matter is 20,000 pounds. Thus,
when it reaches an equilibrium of gains and losses. This the small annual changes, along with the great variation
model allows us to see interesting trends that reflect you can find in a single field, means that it usually takes
the real world. To use the model you need to assume years to detect changes in the total amount of organic
reasonable values for rates of addition of organic matter in a soil.
material and for soil organic matter decomposition rates In addition to the final amount of organic matter in
in the soil. Without going through the details (see the a soil, the same simple equation used to calculate the
appendix to this chapter for sample calculations), the information in Table 3.4 can be used to estimate organic
estimated percent of organic matter in soils for various matter changes as they occur over a period of years
44
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or decades. Let’s take a more detailed look at the case
where 5,000 pounds of residue is added per year with
only 1,000 pounds remaining after one year. We assume
that the residue remaining from the previous year
behaves the same as the rest of the soil’s organic mat-
ter—in this case, decomposing at a rate of 3% per year.
As we mentioned previously, with these assumptions,
after many years a soil will end up having 1.7% organic
matter at equilibrium. If a soil starts at 1% organic
matter content, it will have an annual net gain of around
350 pounds of organic matter per acre in the first
decade, decreasing to very small net gains after decades
of following the same practices (Figure 3.8a). Thus,
even though 5,000 pounds per acre are added each year,
the net yearly gain decreases as the soil organic mat-

ter content reaches a steady state. If the soil was very
depleted and the additions started when it was only at
0.5% organic matter content, a lot of organic material
can accumulate in the early stages as it is bound to clay

mineral surfaces and inside very small- to medium-size
aggregates that form—preserving organic matter in
forms that are not accessible to organisms to use. In
this case, it is estimated that the net annual gain in

the first decade might be over 600 pounds per acre
(Figure 3.8a).

The soil organic matter content rises more quickly
for the very depleted soil (starting at 0.5% organic
matter) than for the soil with 1% organic matter content
(Figure 3.8b), because so much more organic matter
can be stored in organo-mineral complexes and inside
very small and medium-size aggregates. This might be
a scenario where a very degraded soil on a grain crop
farm for the first time receives manure or compost, or
starts to incorporate a cover or perennial crop. Once
all the possible sites that can physically or chemically
protect organic matter have done so, organic matter
accumulates more slowly, mainly as free particulate
(active) material.

700

600 beginning

\
500 \ / at 0.5% SOM

400

pounds per acre

300

200

100

0 2 40 60 80 100
years

a) net organic matter added per acre

beginning
at 1% SOM

0.8 /

% SOM

beginning

/ at 0.5% SOM
06 [,

04

0.2

0 2 40 60 80 100
years

b) increase in percent organic matter

Figure 3.8. Net organic matter additions and changes in % organic matter content for soils. Estimated for soil starting at 0.5% or 1% organic matter,
receiving a total of 5,000 pounds of residue per acre per year; 20% remains after one year, and soil organic matter decomposes at the rate of 3% a year.
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matter within aggregates);

INCREASING ORGANIC MATTER VERSUS MANAGING ORGANIC MATTER TURNOVER

Increasing soil organic matter on depleted soils is important, but so is continually supplying new organic matter even on
soils with good levels. It’s important to feed a diversity of soil organisms and provide replacement for older organic matter
that is lost during the year. Organic matter decomposes in all soils, and we want it to do so. But that means we must con-
tinually manage the turnover. Practices to increase and maintain soil organic matter can be summarized as follows:

* Minimize soil disturbance to maintain soil structure with plentiful aggregation (reducing erosion, maintaining organic

« Keep the soil surface covered 1) with living plants if possible, planting cover crops when commercial crops are not grow-
ing, or 2) with a mulch consisting of crop residue (reducing erosion, adding organic matter);

« Use rotations with perennials and cover crops that increase biodiversity and add organic matter, including some crops
with extensive root systems and plentiful aboveground residue after harvest;

« Add other organic materials from off the field when possible, such as composts, manures or other types of organic
materials (uncontaminated with industrial or household chemicals).

APPENDIX

Calculations for Table 3.3 and Figure 3.7 Using a Simple
Equilibrium Model

The amount of organic matter in soils is a result of

the balance between the gains and losses of organic
materials. Let’s use the abbreviation SOM as shorthand
for soil organic matter. Then the change in soil organic
matter during one year (the SOM change) can be
represented as follows:

SOM change = (gains) — (losses)
[equation 1]

If gains are greater than losses, organic matter
accumulates and the SOM change is positive. When
gains are less than losses, organic matter decreases and
SOM change is negative. Remember that gains refer not
to the amount of residues added to the soil each year
but rather to the amount of residue added to the more
resistant pool that remains at the end of the year. This is
the fraction (F) of the fresh residues added that do not
decompose during the year multiplied by the amount

of fresh residues added (A), or gains = (F) x (A). For
purposes of calculating the SOM percentage estimates in
Table 3.3 we have assumed that 20% of annual residue
additions remain at the end of the year in the form of
slowly decomposing residue.

If you follow the same cropping and residue or
manure addition pattern for a long time, a steady-state
situation usually develops in which gains and losses
are the same and SOM change = 0. Losses consist of
the percentage of organic matter that’s mineralized, or
decomposed, in a given year (let’s call that K) multiplied
by the amount of organic matter (SOM) in the surface
6 inches of soil. Another way of writing that is losses =
(K) x (SOM). The amount of organic matter that will
remain in a soil under steady-state conditions can then
be estimated as follows:

SOM change = 0 = (gains) — (K) x (SOM)
[equation 2]

Because in steady-state situations gains = losses,
then gains = (K) x (SOM), or
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SOM = (gains) / (K)
[equation 3]

A large increase in soil organic matter can occur
when you supply very high rates of crop residues,
manures and composts or grow cover crops on soils in
which organic matter has a very low rate of decompo-
sition (K). Under steady-state conditions, the effects of
residue addition and the rate of mineralization can be
calculated using equation 3 as follows.

If K = 3% and 2.5 tons of fresh residue are added
annually, 20% of which remains as slowly degradable
following one year, then the gains at the end of one year

= (5,000 pounds per acre) x 0.2 = 1,000 pounds per acre.

Assuming that gains and losses are happening
only in the surface 6 inches of soil, then the amount of
SOM after many years when the soil is at equilibrium =
(gains) / (K) = 1,000 pounds / 0.03 = 33,333 pounds of
organic matter in an acre to 6 inches. The percent SOM
=100 (33,000 pounds of organic matter / 2,000,000
pounds of soil). The percent SOM = 1.7%.

SOURCES

Angers, D.A. 1992. Changes in soil aggregation and organic carbon
under corn and alfalfa. Soil Science Society of America Journal
56: 1244—1249.

Brady, N.C. and R.R. Weil. 2016. The Nature and Properties of
Soils, 15th ed. Prentice Hall: Upper Saddle River, NJ.

Carter, M. 2002. Soil quality for sustainable land management:
Organic matter and aggregation—Interactions that maintain soil
functions. Agronomy Journal 94: 38—47.

Carter, V.G. and T. Dale. 1974. Topsoil and Civilization. University
of Oklahoma Press: Norman, OK.

Gale, W.J. and C.A. Cambardella. 2000. Carbon dynamics of sur-

face residue—and root-derived organic matter under simulated
no-till. Soil Science Society of America Journal 64: 190-195.

Hass, H.J., G.E.A. Evans and E.F. Miles. 1957. Nitrogen and Car-
bon Changes in Great Plains Soils as Influenced by Cropping
and Soil Treatments. U.S. Department of Agriculture Technical
Bulletin No. 1164. U.S. Government Printing Office: Washington,
DC. (This is a reference for the large decrease in organic matter
content of Midwest soils.)

Jenny, H. 1941. Factors of Soil Formation. McGraw-Hill: New
York, NY. (Jenny’s early work on the natural factors influencing
soil organic matter levels.)

Jenny, H. 1980. The Soil Resource. Springer-Verlag: New York, NY.

Khan, S.A., R.L. Mulvaney, T.R. Ellsworth and C.W. Boast. 2007.
The myth of nitrogen fertilization for soil carbon sequestration.
Journal of Environmental Quality 36: 1821-1832.

Magdoff, F. 2000. Building Soils for Better Crops, 1st ed. University
of Nebraska Press: Lincoln, NE.

Magdoff, F.R. and J.F. Amadon. 1980. Yield trends and soil
chemical changes resulting from N and manure application
to continuous corn. Agronomy Journal 72: 161-164. (See this
reference for further information on the studies in Vermont cited
in this chapter.)

National Research Council. 1989. Alternative Agriculture. National
Academy Press: Washington, DC.

Puget, P. and L.E. Drinkwater. 2001. Short-term dynamics of root-
and shoot-derived carbon from a leguminous green manure. Soil
Science Society of America Journal 65: 771-779.

Schertz, D.L., W.C. Moldenhauer, D.F. Franzmeier and H.R.
Sinclair, Jr. 1985. Field evaluation of the effect of soil erosion on
crop productivity. In Erosion and Soil Productivity: Proceedings
of the National Symposium on Erosion and Soil Productivity,
pp. 9—17. New Orleans, December 10—11, 1984. American Society
of Agricultural Engineers, Publication 8—85: St. Joseph, MI.

Tate, R.L., III. 1987. Soil Organic Matter: Biological and Ecologi-
cal Effects. John Wiley: New York, NY.

Wilhelm, W.W., J.M.F. Johnson, J.L. Hatfield, W.B. Voorhees and
D.R. Linden. 2004. Crop and soil productivity response to corn
residue removal: A literature review. Agronomy Journal 96:
1-17.

Six, J., R. T. Conant, E.A. Paul and K. Paustian. 2002. Stabilization
mechanisms of soil organic matter: Implications for C-saturation
of soils. Plant and Soil 241: 155-176.

BUILDING SOILS FOR BETTER CROPS: ECOLOGICAL MANAGEMENT FOR HEALTHY SOILS






Chapter 4

THE LIVING SOIL

... long before [humans] existed the land was in fact regularly ploughed,

and continues to be thus ploughed by earthworms.

—CHARLES DARWIN, 1881

Soils are alive and the organisms living in them,
both large and small, play a critical role in maintaining
a healthy soil system and healthy plants. A handful of
soil contains billions of bacteria and fungi, plus other
organisms, and soils are a major reservoir of life on
Earth. Living organisms in the top 6 inches of an acre
of soil with 3% organic matter will weigh about 1.5 tons,
the equivalent weight of two Holstein milk cows.

When soil organisms go about their normal func-
tions of getting energy for growth from organic mol-
ecules, they “respire,” just as plant roots do, by using
oxygen and releasing carbon dioxide to the atmosphere.
(Of course, as we take our essential breaths of air, we do
the same.) An entire field can be viewed as breathing as
if it is one large organism, with oxygen diffusing into the
soil and carbon dioxide diffusing out into the atmo-
sphere. The soil is like a living being in another way,
too; it may get “sick” in the sense that it has difficulty
supporting healthy plants.

Although soil organisms are involved in many differ-
ent types of activities with a variety of outcomes, one of

the reasons for our interest in these organisms is their
role in breaking down organic residues and incorporat-
ing them into the soil. Soil organisms influence every
aspect of decomposition and nutrient availability, and
they have profound effects on promoting good structure.
As organic materials decompose, nutrients become
available to plants, humus is produced, soil aggregates
are formed, channels are created for water infiltration
and better aeration, and those residues originally on the
surface are brought deeper into the soil. And while we
are interested in maintaining good amounts of organic
matter in soil, we also want to maintain active popula-
tions of diverse organisms.

We can discuss soil organisms in several different
ways. Each can be considered separately or all organ-
isms that do the same types of things can be discussed as
a group. We can also look at soil organisms according to
their role in the decomposition of organic materials. For
example, organisms that use residues as their source of
food are called primary (1°), or first-level, consumers of
organic materials (see Figure 4.1). Many of these break

Photo by Jerry DeWitt
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Figure 4.1. The soil food web. Modified from D.L. Dindal (1972). lllustration by Vic Kulihin.

down large pieces of residues into smaller fragments.
Secondary (2°) consumers are organisms that feed on
the primary consumers themselves or their waste prod-
ucts. Tertiary (3°) consumers then feed on the secondary
consumers. Another way to treat organisms is by general
size, such as very small, small, medium, large and very
large. This is how we will discuss soil organisms in

this chapter.

There is constant interaction among the organisms
living in the soil. Some organisms help others, as when
bacteria that live inside the earthworm’s digestive
system help decompose organic matter. Although there
are many examples of such mutually beneficial, or
symbiotic, relationships, an intense competition occurs

among most of the diverse organisms in healthy soils.
Organisms may directly compete with each other for the
same food. Some organisms naturally feed on others:
Nematodes may feed on fungi, bacteria or other nem-
atodes, and some fungi trap and kill nematodes. There
are also fungi and bacteria that parasitize nematodes
and completely digest their content. The many types of
soil organisms participate in a complex multi-path food
system (Figure 4.1), usually called a food web (compared
to a food chain, which involves only one direction).
Some soil organisms can harm plants either by caus-
ing disease or by being parasites. In other words, there
are “good” as well as “bad” bacteria, fungi, nematodes
and insects. One of the goals of agricultural production
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systems should be to create conditions that enhance

the growth of beneficial organisms, which are the vast
majority, while decreasing populations of those few that
are potentially harmful.

SOIL MICROORGANISMS

Microorganisms are very small forms of life that can
sometimes live as single cells, although many also
form colonies of cells. A microscope is usually needed
to see individual cells of these organisms. Many more
microorganisms exist in topsoil, where food sources
are more plentiful, than in subsoil. They are especially
abundant in the area immediately next to plant roots
(called the rhizosphere), where sloughed-off cells and
chemicals released by living roots provide ready food
sources. Rhizosphere soil may have 1,000 times or
greater the number of organisms than the soil just a
fraction of an inch further away from the root. These
organisms are primary decomposers of organic matter,
but they do other things, such as provide nitrogen
through fixation to help growing plants, detoxify
harmful chemicals (toxins), suppress disease organisms
and produce products that might stimulate plant
growth. Soil microorganisms have had another direct
importance for humans: they are the source of most of
the antibiotic medicines we use to fight diseases.

Bacteria

Bacteria live in almost any habitat. They are found
inside the digestive systems of animals, in the ocean and
freshwater, in air, and certainly in compost piles (even at
temperatures over 130 degrees Fahrenheit) and in soils.
Bacteria are an extremely diverse group of organisms;

a gram of soil (about 0.035 ounce) may contain many
thousand different species. Although some kinds of
bacteria live in flooded soils without oxygen, most
require well-aerated soils. In general, bacteria tend to
do better in neutral or alkaline pH soils than in acid
soils. When colonies of bacteria develop they frequently

produce a sticky material that, together with remnant
cell walls of dead bacteria, help to form soil aggregates.
In addition to being among the first organisms to begin
decomposing residues in the soil, bacteria benefit plants
by increasing nutrient availability. For example, many
bacteria dissolve phosphorus, making it more available
for plants to use.

Bacteria and nitrogen. Bacteria are very
instrumental in providing nitrogen to plants, which they
need in large amounts but is often deficient in agricul-
tural soils. They do it in multiple ways. First, bacteria
themselves tend to be rich in nitrogen (that is, they have
a low carbon to nitrogen level) and when decomposed
(or eaten) by other organisms, like protozoa, nitrogen is
released to the soil in forms that plants can use.

You may also wonder how soils can be deficient
in nitrogen when we are surrounded by it: 78% of the
air we breathe is composed of nitrogen gas. And each
percent soil organic matter in the topsoil contains about
1,000 pounds of nitrogen per acre. Yet plants as well as
animals face a dilemma similar to that of the Ancient
Mariner, who was adrift at sea without fresh water:
“Water, water, everywhere nor any drop to drink.”
Unfortunately, neither animals nor plants can use
nitrogen gas (N,) for their nutrition. Nor can plants use
the nitrogen tied up as part of an organic molecule. It
needs to be converted to the inorganic forms of ammo-
nium and nitrate to become available for plants to use.
This process involves bacteria and is called nitrogen
mineralization.

Another important conversion process is known as
nitrogen fixation. Some types of free-living bacteria
are able to take nitrogen gas from the atmosphere and
convert it into a form that plants can use to make amino
acids and proteins. Azospirillum and Azotobacter are
two groups of free-living, nitrogen-fixing bacteria. Along
with supplying N, Azospirillum attaches to the root sur-
faces and promotes plant growth by producing a number
of substances that help plants better tolerate various
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kinds of stress. While these types of bacteria provide
only a modest amount of nitrogen to the soil, this N
addition is quite important to natural systems where
nutrient cycling is efficient. Some innovative companies
are now trying to enhance nitrogen fixation by free-liv-
ing bacteria through soil additives and seed coatings.
Another type of nitrogen-fixing bacteria forms
mutually beneficial associations with plants. One such
symbiotic relationship that is very important to agri-
culture involves the nitrogen-fixing rhizobia group of
bacteria that live inside nodules formed on the roots
of legumes. People eat some legumes or their prod-
ucts, such as peas, dry beans, lentils and soybeans in
the form of tofu or edamame. Soybeans, alfalfa and
clover are used for animal feed. The symbiotic bacteria
provide nitrogen in a form that leguminous plants can
use, while the legume provides the bacteria with sugars

for energy. It is common to apply rhizobia inoculant to
seeds if the legume (or one with which it shares a strain
of nitrogen-fixing bacteria) has not been grown in the
field recently. Nodulation is enhanced in cool soils with
lots of biological activity and plentiful growth-promoting
bacteria. Clovers and hairy vetch are legumes grown as
cover crops that enrich the soil with organic matter as
well as nitrogen for the following crop. In an alfalfa field,
the bacteria in the plant root nodules may fix hundreds
of pounds of nitrogen per acre each year. With peas, the
amount of nitrogen fixed is much lower, around 30-50
pounds per acre.

The actinomycetes, another group of bacteria, break
large lignin molecules into smaller sizes. Lignin is a
large and complex molecule found in plant tissue, espe-
cially stems, that is difficult for most organisms to break
down. Lignin also frequently protects other molecules

RELATIVE AMOUNTS OF BACTERIA AND FUNGI

All soils contain both bacteria and fungi, but they may have different amounts depending on soil conditions. Relative to
their carbon contents, bacteria are higher in nitrogen than fungi. Bacteria also have short life cycles, and when they die or
are consumed by another organism such as a nematode, plant-available nitrogen is released. But in the off season when
no commercial crop is present in the field (fall through early spring) this nitrogen may be lost. Fungi live longer and less
nitrogen is released when they are decomposed.

The ways in which you manage your soil—the amount of disturbance, the degree of acidity permitted and the types

of residues added—will determine the relative abundance of these two major groups of soil organisms. Soils that are
disturbed regularly by intensive tillage tend to have more bacteria than fungi. So do flooded rice soils, because fungi can’t
live without oxygen, while many species of bacteria can. Tillage destroys the network of mycorrhizal hyphae, and in the ab-
sence of living plants (fall, winter, spring), viable spore numbers decrease, causing lower inoculation of spring-planted crops.
Soils that are not tilled tend to have more of their fresh organic matter at the surface and to have higher levels of fungi
than bacteria. Because fungi are less sensitive to acidity, higher levels of fungi than bacteria may occur in very acid soils.

Despite many claims, relatively little is known about the agricultural significance of bacteria versus fungal-dominated soil
microbial communities. Therefore, it is difficult to state whether higher versus lower ratios are better or worse, just that
soils that tend to have more bacteria relative to fungi are more characteristic of soils near or above neutral pH that are
intensively tilled, enhancing rapid organic matter decomposition and temporary nutrient availability.
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like cellulose from decomposition. Actinomycetes have
some characteristics similar to those of fungi, but they
are sometimes grouped by themselves and given equal
billing with bacteria and fungi. That earthy scent you
smell from healthy soils, especially after a rain, is pro-
duced by actinomycetes.

Another important soil organism is cyanobacteria,
frequently called “blue-green algae” although they are
bacteria. They are found near the soil surface, in field
puddles and in flooded soils. They can fix atmospheric
nitrogen as well as photosynthesize. Oxygen is released
as a byproduct of photosynthesis and cyanobacteria are
believed to be the organisms living in ancient seas that
oxygenated the Earth’s atmosphere, allowing plants and
animals that need oxygen to evolve and survive. It was
the oxygen pumped into the atmosphere by cyanobacte-
ria that led to an incredibly wide proliferation of organ-
isms, including all those you see around you on farms, in
forests and prairies, in cities, and in lakes and oceans.

Fungi

Fungi are another group of soil organisms. Many are
small, some even single celled. Yeast, an example of

a single-celled fungus, is used in baking and in the
production of alcohol. Other fungi produce a number
of antibiotics. Some form colonies that we can see,
such as when you let a loaf of bread sit around too
long only to find mold growing on it. We have seen or
eaten mushrooms, the very visible fruiting structures
of some fungi. Farmers know that there are fungi that
cause many plant diseases, such as downy mildew,
damping-off, various types of root rot and apple scab.
Fungi also initiate the decomposition of fresh organic
residues. They help get things going by softening organic
debris and making it easier for other organisms to join
in the decomposition process. Fungi are also the main
decomposers of lignin and are less sensitive to acid

soil conditions than bacteria. None are able to function
without oxygen. The low amount of soil disturbance

Soils contain a group of organisms that look like
bacteria under the microscope but have very dif-
ferent biochemistry and are now classified in their
own group (called a “domain” by biologists), the
Archaea (pronounced ar-key-uh). These organisms
can live under all types of conditions, including ex-
treme temperatures and in very salty environments.
They are also commonly found in soil, some playing
a major role in the nitrogen cycle by carrying out
nitrogen fixation or by converting ammonium to
nitrate, producing nitrite (NO, ).

The tree of life is made up of three domains (or

“superkingdoms”):

* Archaea

 Bacteria

« All other organisms (this includes all the rest
of life, such as fungi, algae, plants, single-cell

organisms such as amoeba, and animals)

resulting from reduced tillage systems tends to promote
organic residue accumulation at and near the surface,
which in turn encourages fungal growth, as happens in
many natural, undisturbed ecosystems.

Once classified as fungi because they form filaments
and live on decaying organic materials, oomycetes
have cell walls that are chemically different from
fungi. This group includes water molds, one of which,
Phytophthora infestans (causing late blight in potatoes
and tomatoes), is the organism that decimated the Irish
potato crop in the 1840s, causing nearly 1 million deaths
and massive emigration. Another oomycete group
causes the downy mildew plant diseases in a number of
vegetables and in grapes.

Mycorrhizal fungi are of special interest, and it
is hard to overemphasize their importance in relation to
plants. Roots of most crop plants occupy only 1 percent
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or less of the topsoil (grasses may occupy a few percent),
but many plants develop a beneficial relationship with
fungi that increases the contact of roots with the soil.
Fungi infect the roots and send out root-like structures
called hyphae (see figures 4.2 and 4.3). The hyphae of
these mycorrhizal fungi take up water and nutrients that
can then feed the plant. The hyphae are very thin, about
1/60 the diameter of a plant root, and are able to exploit
the water and nutrients in small spaces in the soil that
might be inaccessible to roots. This is especially import-
ant for the phosphorus nutrition of plants growing in
low-phosphorus soils. While the hyphae help the plant
absorb water and nutrients, in return the fungi receive
energy in the form of sugars, which the plant produces
in its leaves and sends down to the roots. This symbiotic
interdependence between fungi and roots is called a
mycorrhizal relationship. Mycorrhizal associations
also stimulate the free-living, nitrogen-fixing bacteria
such as azospirillum and azotobacter, which in turn
produce both nitrogen that plants can use and chemi-
cals that stimulate plant growth. They also stabilize soil
aggregates by producing sticky proteins.

Crop rotations select for more types of, and better
performing, fungi than does mono cropping. Some

Figure 4.2. A soybean root heavily colonized with mycorrhizal fungi
(Rhiziphagus irregularis). Photo by Yoshihiro Kobae.

studies indicate that cover crops, especially legumes,
between main crops help maintain high levels of spores
and promote good mycorrhizal development in the next
crop. And if flooding or very wet soils prevent planting a
cash crop, it is important to plant a cover crop if condi-
tions permit so that there will be high levels of mycor-
rhizal colonization of the roots of next year’s commercial
crop. Roots that have lots of mycorrhizae are better able
to resist fungal diseases, parasitic nematodes, drought,
salinity and aluminum toxicity. All things considered

it is a pretty good deal for both plant and fungus. But
keep in mind that mycorrhizae do not associate with
some crops, mainly those in the cabbage family, making
it more important to follow these with cover crops that
help build fungal spores for the next cash crop.

Algae

Algae, like crop plants, convert sunlight into complex
molecules like sugars, which they can use for energy
and to help build other molecules they need. Algae are
found in abundance in the flooded soils of swamps and
rice paddies, and they can be found on the surface of
poorly drained soils and in wet depressions. Algae may
also occur in relatively dry soils, and they form mutually

Figure 4.3. A white fungal network called hyphae, not plant roots, is the
principal structure for the uptake of many important nutrients by plants.
Illustration by Michael Rothman, all rights reserved.
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THE PLANT MICROBIOME

The human microbiome consists of the multitude of microorganisms living on our skin and inside us, especially in our
gastrointestinal tract. It has become clear that these organisms that comprise roughly the same number of cells as the rest
of our body play an important role in human health. Maintaining a diverse and healthy microbiome, especially among the
bacteria in the gut, has multiple beneficial effects on our wellbeing.

Plants also have microbiomes, with organisms living on leaves and shoots, inside plant tissue, and on and immediately
adjacent to root surfaces (the rhizosphere). As happened with animals, when plants evolved over the eons, they did so in
tandem with microorganisms that depended on plants for their sustenance. In turn, many provide benefits to the plant: a
truly symbiotic or mutualistic relationship. (The relationship of plants and mycorrhizae is thought to have begun hundreds
of millions of years ago.) About half of the substances produced during photosynthesis are transported from the leaves to
the roots, supporting root growth and maintenance. And about a third of what roots receive (approximately 15 percent of
total production by the plant) is exuded (released) into the soil as a complex mixture of organic chemicals, which provides
nutrition to the vast numbers of organisms in the rhizosphere. This large quantity of microbial food sources is the reason
why there are such large quantities of organisms present in this zone immediately next to the root compared to the rest of
the soil. As the numbers of bacteria and fungi increase, so do the populations of organisms that feed on microorganisms,
such as springtails (collembola) and nematodes, thereby stimulating the reproduction of microbes. The type and amount of
root exudates varies by plant species and variety, and shapes the composition of the microbiome. (By the way, mycorrhizae
also have a microbiome living on their hyphae.) Clearly we want to grow plants in ways that favor a beneficial microbiome:
more complex rotations, decreased compaction and soil disturbance, more use of cover crops, and so on.

beneficial relationships with other organisms. Lichens SMALL AND MEDIUM-SIZE SOIL ANIMALS

found on rocks are associations between fungi and algae. Nematodes

Nematodes are simple, multicellular soil animals that
Protozoa resemble tiny worms but are nonsegmented. They
Protozoa are single-celled animals that use a variety tend to live in the water films around soil aggregates.
of means to move about in the soil. Like bacteria and Some types of nematodes feed on plant roots and are
many fungi, they can be seen only with the help of a well-known plant pests. Fungi such as Pythium and
microscope. They are mainly secondary consumers Fusarium, which may enter nematode-feeding wounds
of organic materials, feeding on bacteria, fungi, other on the root, sometimes cause greater disease severity
protozoa and organic molecules dissolved in the soil and more damage than the nematode itself. A number
water. Protozoa—through their grazing on nitrogen-rich of plant-parasitic nematodes vector important and
organisms (especially bacteria) and waste excretions— damaging plant viruses of various crops. However,
are believed to be responsible for mineralizing (releasing there are also many beneficial nematodes that help
nutrients from organic molecules) much of the nitrogen in the breakdown of organic residues and feed on
in agricultural soils. fungi, bacteria and protozoa as secondary or tertiary

55

BUILDING SOILS FOR BETTER CROPS: ECOLOGICAL MANAGEMENT FOR HEALTHY SOILS




CHAPTER 4 THE LIVING SOIL

consumers. In fact, as with the protozoa, nematodes
feeding on fungi and bacteria help convert nitrogen
into forms for plants to use. As much as 50% or more
of mineralized nitrogen comes from nematode feeding.
A number of nematodes alone or with special bacteria
parasitize and kill insects such as the larvae of the
cabbage looper and the grubs of the Japanese beetle.
Finally, several nematodes infect animals and humans,
causing serious diseases such as river blindness and
heartworm. Thankfully, these nematodes do not live

in soil.

Earthworms

Earthworms are every bit as important as Charles
Darwin believed they were more than a century ago.
They are keepers and restorers of soil fertility. Different
types of earthworms, including the night crawler, field
(garden) worm and manure (red) worm used frequently
in vermicomposting, have different feeding habits. Some
feed on plant residues that remain on the soil surface,
while other types tend to feed on organic matter that is
already mixed with the soil.

The surface-feeding night crawlers fragment and mix
fresh residues with soil mineral particles, bacteria and
enzymes in their digestive system. The resulting mate-
rial is given off as worm casts. They are produced by all
earthworms and are generally higher in available plant
nutrients, such as nitrogen, calcium, magnesium and
phosphorus, than the surrounding soil and, therefore,
contribute to the nutrient needs of plants. Night crawl-
ers also bring food down into their burrows, thereby
mixing organic matter deep into the soil. Earthworms
feeding on debris that is already below the surface
continue to decompose organic materials and mix them
with the soil minerals.

A number of types of earthworms, including the
surface-feeding night crawler, make burrows that allow
rainfall to easily infiltrate the soil. Some worms burrow
to 3 feet or more, unless the soil is saturated or very
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hard. Other types of worms that don’t normally produce
channels to the surface still help loosen the soil, creating
channels and cracks below the surface that help aeration
and root growth. The number of earthworms in the soil
ranges from close to zero to over 1 million per acre. Just
imagine, if you create the proper conditions for earth-
worms, you could have 800,000 small channels per acre
that conduct water into your soil during downpours.

Earthworms do some unbelievable work. They move
a lot of soil from below up to the surface, from about 1
to 100 tons per acre each year. One acre of soil 6 inches
deep weighs about 2 million pounds, or 1,000 tons. So 1
to 100 tons is the equivalent of about .006 of an inch to
about half an inch of soil. A healthy earthworm popula-
tion may function as nature’s plow and help replace the
need for tillage by making channels and by bringing up
subsoil and mixing it with organic residues. All for free!

Earthworms do best in well-aerated soils that are
supplied with plentiful amounts of organic matter. A
study in Georgia showed that soils with higher amounts
of organic matter contained higher numbers of earth-
worms. Surface feeders, a type we would especially like
to encourage, need residues left on the surface. They
are harmed by plowing or disking, which disturbs their
burrows and buries their food supplies. Worms are
usually more plentiful under no-till practices than under
conventional tillage systems. Although most pesticides
have little effect on worms, some insecticides are very
harmful to earthworms.

Diseases or insects that overwinter on leaves of
crops can sometimes be partially controlled by high
earthworm populations. The apple scab fungus, which
is a major pest of apples in humid regions, and some
leaf miner insects can be partly controlled when worms
eat the leaves and incorporate the residues deeper into
the soil.

Although the night crawler is certainly beneficial
in farm fields, this invasive species from Europe has
caused problems in some northern American forests.

BUILDING SOILS FOR BETTER CROPS: ECOLOGICAL MANAGEMENT FOR HEALTHY SOILS



CHAPTER 4 THE LIVING SOIL

As fishermen have discarded unused worms near forest
lakes, night crawlers have become adapted to the for-
ests. They have in some cases reduced the forest litter
layer almost completely, accelerating nutrient cycling
and changing species composition of the understory
vegetation. So some forest managers view this organism,
considered so positively by farmers, as a pest! There are
also many other non-native earthworms that have been
introduced from Europe and Asia. These introduced
worms tend to predominate in areas of the northern
United States that were covered by glaciers during

the last ice age: New England, New York, a good part

of the upper Midwest, and the very northern parts of
Washington, Idaho and Montana. Species of a relatively
recent invasive worm, “jumper worms,” introduced
from Japan and Korea, are becoming a problem in some
locations, especially in gardens, forests and orchards,
frequently displacing native earthworms as well as the
introduced night crawlers. Jumper worms live in the
upper layer of soil and convert both the soil and the
surface residues to the consistency of ground coffee.

In forest settings, their elimination of the mulch layer
severely limits tree regeneration. They are commonly
found in nursery stock, leaves and compost.

There is a group of organisms that are not consid-
ered earthworms, although they behave similarly and
have similar effects on soils. Pot worms or white worms
(the scientific name is Enchytraeidae) look like small
white earthworms. They can be found in huge numbers
in compost and in soil, and they help decompose organic
matter, mix it with soil minerals, and leave behind
fecal pellets, helping aggregations and making the soil
more porous.

Insects and Other Small- to Medium-Size Soil Animals
Insects are another group of animals that inhabit

soils. Common types of soil insects include termites,
springtails, ants, fly larvae and beetles. Many insects
are secondary and tertiary consumers. Springtails feed
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on fungi and animal remains, and in turn are food for
predacious mites. Many beetles, in particular, eat other
types of soil animals such as caterpillars, ants, aphids
and slugs. Some surface-dwelling beetles feed on weed
seeds in the soil, and the dung beetle famously dines
on fresh manure, with some species laying eggs in

balls they make from manure and then bury. Termites,
well-known feeders of woody material, also consume
decomposed organic residues in the soil.

Other medium-size soil animals include millipedes,
centipedes, the larger species of mites, slugs, snails and
spiders. Millipedes are primary consumers of plant resi-
dues, whereas centipedes tend to feed on other organ-
isms. Mites may feed on food sources like fungi, other
mites and insect eggs, although some feed directly on
residues. Spiders feed mainly on insects and keep insect
pests from developing into large populations.

LARGE SOIL ANIMALS

Very large soil animals, such as moles, rabbits,
woodchucks, snakes, prairie dogs and badgers, burrow
in the soil and spend at least some of their lives below
ground. Moles are secondary consumers; their diet
consists mainly of earthworms. Most of the other very
large soil animals exist on vegetation. In many cases,
their presence is considered a nuisance for agricultural
production or lawns and gardens. Nevertheless, their
burrows may help conduct water away from the surface
during downpours and thus decrease erosion. In

the southern United States, the burrowing action of
crawfish, abundant in many poorly drained soils, can
have a large effect on soil structure and can encourage
water infiltration. (In Texas and Louisiana, some rice

fields are “rotated” with crawfish production.)

PLANT ROOTS

Until now we discussed soil organisms in the animal
kingdom, but soil life also includes plants. Healthy plant
roots are essential for good crop yields. This is why
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plants evolved to expend so much energy on growing a
sizable root system. During early to mid-season, corn
plants send about 20 percent of the sugars produced
during photosynthesis to the roots. These sugars are

for root growth, and they provide material to excrete
that nourishes mycorrhizal fungi and the wide variety
of organisms in the rhizosphere. Roots are clearly
influenced by the soil in which they live, and their
extent and health are good indicators of soil health.
Over eons, roots and their associated microorganisms
(the root microbiome) have played an important role

in capturing and storing nutrients such as calcium,
magnesium and phosphorus from weathering of
minerals in rocks and grains, and then making them
available for plant growth. Plant roots will not grow
well if the soil is compact, is low in nutrients or water,
includes high populations of root pathogens, has high or
low pH, or has other problems. Conversely, plant roots
also influence the soil in which they grow. The physical
pressure of roots growing through soil helps form
aggregates by bringing particles closer together. Small
roots also help bind particles together. In addition,
many organic compounds are given off, or exuded, by
plant roots and provide nourishment for soil organisms
living on or near the roots. The zone surrounding

roots is one of especially great numbers and activity

of organisms that live off root exudates and sloughed-
off cells. This increased activity by microorganisms,
plus the slight disruption caused as roots grow

through the soil, enhances the use of active (“dead”)
organic matter by organisms, which increases nutrient
availability to the plant. A sticky layer surrounding
roots, called the mucigel, provides close contact between
microorganisms, soil minerals and the plant (Figure
4.4). Root hairs, those small protrusions that grow from
the outermost root layer (the epidermis), enable better
access to water and nutrients by providing more contact
with soil, and help form aggregates. Plant roots also
contribute to organic matter accumulation. They are

usually well distributed in the soil and may be slower to
decompose than surface residues, even if incorporated
by plowing or harrowing.

For plants with extensive root systems, such as
grasses, the amount of living tissue below ground may
actually be greater than the amount of leaves and stems
we see above ground.

The soil population must be considered
from the point of view of a biological complex;
it is not sufficient to separate it
into different constituent groups.

—S.A. WAKSMAN, 1923

BIOLOGICAL DIVERSITY, ABUNDANCE, ACTIVITY
AND BALANCE
A diverse biological community in soils is essential to
maintaining a healthy environment for plant roots.
There may be over 100,000 different types of organisms
living in soils. Most are providing numerous functions
that assist plants, such as making nutrients more
available, producing growth-stimulating chemicals
and helping form soil aggregates. In a teaspoon of
agricultural soils it is estimated that there are from 100
million to 1 billion bacteria, several yards of fungi and
several thousand protozoa. It may hold 10—20 bacterial-
feeding nematodes and a few fungal-feeding and plant
parasitic nematodes. Arthropods can number up to
100 per square foot, and earthworms from 5 to 30 per
square foot.

Soil organisms are not evenly distributed through
the soil, and even when present, organisms may be in
a resting state. On the other hand, there are a number
of zones of high amounts of active organisms in soil
that are taking in food sources, interacting with other
organisms, growing and reproducing. The zone immedi-
ately surrounding roots contains a very large population
of diverse organisms (the root microbiome), stimulated
by the continuous leakage (exuding) of energy sources
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Figure 4.4. Close-up view of a plant root: (a) The mucigel layer is shown
containing some bacteria and clay particles on the outside of the root.
Also shown is a mycorrhizal fungus sending out its rootlike hyphae into
the soil. (b) Soil aggregates are surrounded by thin films of water. Plant
roots take water and nutrients from these films. Also shown is a larger

aggregate made up of smaller aggregates pressed together and held in

place by the root and hyphae. lllustration by Vic Kulihin.

from the roots as well as sloughed off root cells. Other
locations of high activity of organisms are around
particles of decaying organic matter, on or near aggre-
gate surfaces, and inside earthworm channels and old
root channels.

Of all the organisms in soils, only a small number
of bacteria, fungi, insects and nematodes might harm
plants in any given year. Their negative impact is
reduced in a more diverse soil biome. Diverse popula-
tions of soil organisms maintain a system of checks and
balances that can keep disease organisms or parasites
from becoming major plant problems. Some fungi kill
nematodes, and others kill insects. Still others produce
antibiotics that kill bacteria. Protozoa feed on bacteria
and may attack fungi. Some bacteria kill harmful insects.

Many protozoa, springtails and mites feed on disease-
causing fungi and bacteria.

Beneficial organisms, such as the fungus Trichoderma
and the bacteria Pseudomonas fluorescens, colonize
plant roots and protect them from attack by harmful
organisms. Some of these organisms or their byprod-
ucts, such as the insect-attacking chemical produced by
Bacillus thuringiensis (BT), are now sold commercially
as biological control agents. (Plants have also been
genetically engineered to produce the toxin that BT
produces in order to control crop-eating insects.) The
effects of bacteria and fungi that suppress plant disease
organisms are thought to arise from competition for
nutrients, production of antagonistic substances, and/
or direct parasitism. In addition, a number of beneficial
soil organisms induce the immune systems of plants to
defend the plants (systemic acquired resistance; see
discussion in Chapter 8). Also, roots of agronomic crops
usually have their own characteristic microbial commu-
nities with numerous interactions.

Soil management can have dramatic effects on soil
biological composition (see Figure 4.5 for management
effects on organisms). For example, the less a soil is
disturbed by tillage, the greater the importance of fungi
relative to bacteria. Cropping practices that encourage
abundance and diversity of soil organisms encourage
a healthy soil. Crop rotations of plants from different
families are recommended to keep microbial diversity
at its maximum and to break up any potential damaging
pest cycles such as the soybean cyst nematode. Crop
rotations that include perennial crops, usually grass
and legume forages, can also reduce annual weeds.
Additional practices that promote the diversity and
activity of soil organisms include low amounts of soil
disturbance, use of cover crops, maintaining pH close
to neutral and routine use of organic sources of slow-re-
lease fertility.

It is believed that more is unknown about soil life
than what is known. New methodologies like microbial

BUILDING SOILS FOR BETTER CROPS: ECOLOGICAL MANAGEMENT FOR HEALTHY SOILS



CHAPTER 4 THE LIVING SOIL

Soil ecology in balance:
Healthier soil, greater biodiversity
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Figure 4.5. Management practices that influence soil life. Modified from
Kennedy, Stubbs and Schiller (2004).

community analysis use DNA sequencing and advanced
computational methods to help us understand the
makeup of soil life. The next step is to use this technol-
ogy to enhance the plant-soil microbiome and increase
our capacity to grow more food, more sustainably.

SUMMARY

Soils are alive with a fantastic number of many types

of organisms, most of which help grow healthy plants
and protect them from pests. The food for all the soil’s
organisms originates with crop residues and organic
materials added from off the field. These provide the fuel
that powers the underground life that has such a positive
effect on the soil’s chemical and physical properties, as
well as, of course, maintaining a system of equilibrium
that helps regulate the populations of organisms. Soil

organisms are associated with each other in a balance
in which each type of organism performs specific roles
and interacts with other organisms in complex ways.
When there is an abundance of food and minimal soil
disturbance, the complex food web that exists helps to
maintain self-regulation of organisms, as bacteria and
protozoa eat bacteria and some fungi, nematodes eat
bacteria and fungi, fungi eat nematodes, and so on up
the food web. We should be using management practices
that promote a thriving and diverse population of soil
organisms. New scientific research may offer additional
opportunities to enhance the plant microbiome.
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Chapter 5

SOIL PARTICLES, WATER AND AR

Moisture, warmth, and aeration; soil texture; soil fitness; soil organisms; its tillage, drainage,

and irrigation; all these are quite as important factors in the makeup and maintenance of the fertility

of the soil as are manures, fertilizers, and soil amendments.

—J.L. HILLS, CH. JONES AND C. CUTLER, 1908

The physical condition of a soil has a lot to do with
its ability to produce crops, mostly because it anchors
their roots. A very fundamental aspect of soil is its abil-
ity to hold water between particles and act like a sponge
in the landscape. This phenomenon, capillarity (or cap-
illary action), helps store precipitation, thereby making
it available to plants and other organisms or transmit-
ting it slowly into groundwater or streams. Also, water
in soil allows for the very slow but steady dissolving of
soil minerals, which are absorbed by plants and cycled
back onto the soil as organic matter. Over the course of
many years these small amounts of minerals build up as
a pool of stored organic nutrients available for agricul-
tural production.

A degraded soil usually has reduced water infiltra-
tion and percolation (drainage into the deeper soil),
aeration and root growth. These conditions lessen the
ability of the soil to supply nutrients, render harmless
many hazardous compounds (such as pesticides), and
maintain a wide diversity of soil organisms. Small

BUILDING SOILS FOR BETTER CROPS

changes in a soil’s physical conditions can have a large
impact on these essential processes. Creating a good
physical environment, which is a critical part of build-
ing and maintaining healthy soils, requires attention
and care.

organic matter

soil wets up
during rain

soil dries down

mineral
matter

[l solids [T]pores

Figure 5.1. Distribution of solids and pores in soil.
Photo courtesy Ray Weil
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Figure 5.2. The percentages of sand, silt and clay in the soil
textural classes.

Let’s first consider the physical nature of a typical
mineral soil. It usually contains about 50% solid parti-
cles on a volume basis (Figure 5.1), with the spaces in
between, pores, accounting for the remaining volume.
Most solid particles are minerals, and organic matter is
a small, but a very important, component of the soil. The
soil’s mineral particles are a mixture of variously sized
minerals that define its texture. A soil’s textural class,
such as a clay, clay loam, loam, sandy loam or sand, is
perhaps its most fundamental inherent characteristic, as
it affects many of the important physical, biological and
chemical processes in a soil. Soil texture changes little
over time, no matter how the soil is managed.

TEXTURE, A BASIC SOIL PROPERTY

The textural class of a soil (Figure 5.2) indicates the
coarseness or fineness of a soil’s particles. It is defined
by the relative amounts of sand (.05—2 millimeters
particle size), silt (.002—.05 millimeters) and clay (less
than 0.002 millimeters). Particles that are larger than 2
millimeters are rock fragments (pebbles, cobbles, stones

and boulders), which are not considered in the textural
class because they are relatively inert.

Soil particles are the building blocks of the soil
skeleton. But the spaces between the particles and
between aggregates are just as important as the particles
themselves, because that’s where most physical and bio-
logical processes happen. The quantity of variously sized
pores—Ilarge, medium, small and very small—govern the
important processes of water and air movement. Also,
soil organisms live and function in pores, which more-
over is where plant roots grow. Most pores in clay are
small (generally less than 0.002 millimeters), whereas
most pores in sandy soil are large (but generally still
smaller than 2 millimeters). The pore sizes are affected
not only by the relative amounts of sand, silt and clay
in a soil, but also by the amount of aggregation. On
the one extreme, we see that beach sands have large
particles (in relative terms, at least—they’re visible) and
no aggregation due to a lack of organic matter or clay to
help bind the sand grains. A good loam or clay soil, on
the other hand, has smaller particles, but they tend to be
aggregated into crumbs that have larger pores between
them and small pores within. Although soil texture
doesn’t change over time, the total amount of pore space
and the relative amount of variously sized pores are
strongly affected by management practices. Aggregation
and structure may be destroyed or improved depending
on, for example, how much tillage occurs, whether good
rotations are followed, or if cover crops are used.

WATER AND AERATION

Soil pore spaces are generally filled with water, air
and biota. Their relative amounts change as the soil
wets and dries (figures 5.1, 5.3). On the wet extreme,
when all pores are filled with water, the soil is water
saturated and the exchange of gases between the soil
and atmosphere is very slow. During these conditions,
carbon dioxide produced by respiring roots and soil
organisms can’t escape from the soil and atmospheric
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Figure 5.3. A moist sand with
pores between grains that
contain water and air. The
larger pores have partially
drained and allowed air entry,
while the narrower ones

are still filled with water.
Illustration by Vic Kulihin.

oxygen can’t enter, leading to undesirable anaerobic
(no oxygen) conditions. On the other extreme, a soil
with little water may have good gas exchange but may
be unable to supply sufficient water to plants and

soil organisms.

Water in soil is mostly affected by two opposing
forces that basically perform a tug of war: Gravity pulls
water down and makes it flow to deeper layers, but cap-
illarity holds water in a soil pore because it is attracted
to solid surfaces (adhesion) and has a strong affinity
for other water molecules (cohesion). The latter are the
same forces that keep water drops adhering to glass sur-
faces, and their effect is strongest in small pores (Figure
5.3) because of closer contact with solids. Soils are thus
a lot like sponges in the way they hold and release water

(Figure 5.4). When a sponge is fully saturated, it quickly
loses water by gravity but will stop dripping after about
30 seconds. The largest pores drain rapidly because they
are unable to retain water against the force of gravity.
But when it stops dripping, the sponge still contains

a lot of water in the smaller pores, which hold it more
tightly. This water would, of course, come out if you
squeezed the sponge. Its condition following free drain-
age is akin to a soil reaching its so-called field capacity
water content, which in the field occurs after about two
days of free drainage following saturation by a lot of rain
or irrigation. If a soil contains mainly large pores, like a
coarse sand, most pores empty out quickly and the soil
loses a lot of water through quick gravitational drainage.
Therefore the soil’s field capacity water content is low.
This drainage is good because the pores are now open
for air exchange. On the other hand, little water remains
for plants to use, resulting in more frequent periods of
drought stress. Therefore, coarse sandy soils have very
small amounts of water available to plants before they
reach their wilting point (Figure 5.4a). Also, the rapidly
draining sands more readily lose dissolved chemicals in
the percolating water (pesticides, nitrate, etc.), but this
is much less of a problem with fine loams and clays. A
dense, fine-textured soil, such as a
compacted clay loam, has mainly

small pores that tightly retain water

wilting point field it ) :
i / S and don’t release it. It therefore has
. plant- a) sand a high field capacity water content,
unavailable - .
e — available gravitational water and the more common anaerobic
water . .
b)d 0 conditions resulting from extended
) ense|clay z .
unavailable a\%?lggle saturated conditions cause other
water N . .
water problems, like gaseous nitrogen
: c) aggregated loam gravitational losses through denitrification, as we
unavailable 3 —T water o :
water plant-available water will discuss in Chapter 19.
t The ideal soil is somewhere
0 ———— soil watercontent ——————>  saturation between the two extremes, and its

Figure 5.4. Water storage for three soils.

behavior is typical of that exhib-
ited by a well-aggregated loam soil
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large pore

small pore

intermediate
pore

aggregate (crumb)

Figure 5.5. A well-aggregated soil has a range of pore sizes. This medi-
um-size soil crumb is made up of many smaller ones. Very large pores
occur between the medium-size aggregates.

(figures 5.4c¢, 5.5). Such a soil has a sufficient amount
of large pore spaces between the aggregates to provide
adequate drainage and aeration during wet periods, but
also has enough small pores and waterholding capacity

to provide water to plants and soil organisms between
rainfall or irrigation events. Besides retaining and
releasing water at near optimum quantities, such soils
also allow for good water infiltration, thereby increasing
plant water availability and reducing runoff and erosion.
This ideal soil condition is therefore characterized by
medium texture and crumb-like aggregates, which are
common in good topsoil.

AVAILABLE WATER AND ROOTING

There is an additional dimension to plant-available
water capacity of soils: The water and nutrients not
only need to be stored and available in the soil pores,
but roots also need to be able to access them. This may
be a problem if the soil is compacted. Consider the soil
from the compacted surface horizon in Figure 5.6 (left),
which was penetrated only by a single corn root with
few fine lateral rootlets. The soil volume holds sufficient
water, which in principle would be available to the corn
plant, but the roots are unable to penetrate most of the
hard soil volume. The corn plant, therefore, could not
obtain the moisture and nutrients it needed. Conversely,
the corn roots on the right (Figure 5.6) are able to fully
explore the soil volume with many roots, fine laterals,

Figure 5.6. Left: Corn root in a compacted soil cannot access water and nutrients from most of the soil volume. Right: Dense rooting allows for full

exploration of soil water and nutrients.

BUILDING SOILS FOR BETTER CROPS: ECOLOGICAL MANAGEMENT FOR HEALTHY SOILS



CHAPTER 5 SOIL PARTICLES, WATER AND AIR

Figure 5.7. Corn roots on the right were limited to the plow layer due to
a severe compaction pan. Roots on the left penetrated into deeper soil
following subsoiling and could access more water and nutrients.

root hairs and mycorrhizal fungi (not shown) allowing
for better water and nutrient uptake.

Similarly, the depth of rooting can be limited by
compaction. Figure 5.7 shows, on the right, corn roots
from moldboard-plowed soil with a severe plow pan (a
hard layer right below the depth of tillage). The roots
cannot penetrate into the subsoil and are therefore
limited to water and nutrients in the plow layer near the
surface. The corn on the left is grown in soil that was
subsoiled, and the roots are able to reach about twice
the depth. Subsoiling opens up more soil for root growth
and, therefore, more usable water and nutrients. Thus,
plant water availability is a result of both the soil’s water
retention capacity (related to texture, aggregation and
organic matter) and potential rooting volume, which is
strongly influenced by compaction.

INFILTRATION VERSUS RUNOFF

An important function of soil is to absorb water at the
land surface and either store it for use by plants or
slowly release it to groundwater through gravitational
flow (Figure 5.8). When rainfall hits the ground, most
water will infiltrate the soil, but under certain conditions
it may run off the surface or stand in ruts or depressions

69

before infiltrating or evaporating. The maximum
amount of rainwater that can enter a soil in a given time,
called infiltration capacity, is influenced by the soil type
(large pores result in higher capacity), structure and
moisture content at the start of the rain.

If rain is very gentle, the infiltration capacity is
generally not exceeded and all precipitation enters the
soil. Even in an intense storm, water initially enters a
soil readily as it is literally sucked into the dry ground.
But as the soil wets up during a continuing intense
storm, water entry into the soil is reduced and a portion
of rainfall may begin to run downhill over the surface
to a nearby stream or wetland. The ability of a soil to
maintain high infiltration rates, even when saturated,
is related to the sizes of its pores. Since sandy and grav-
elly soils have more large pores, they maintain better
infiltration during a storm than fine loams and clays.
But soil aggregation is also important in governing the
number of pores and their sizes: When finer-textured
soils have strong aggregates due to good management,
they can also maintain high infiltration rates. But this

CROP WATER NEEDS

Different crops need different amounts of water,
supplied by precipitation or by irrigation. For
example, crops like alfalfa require a lot of water for
maximum yields and the plant’s long taproot helps
it access water deep in the soil. On the other hand,
vineyards and crops such as wheat need much
smaller amounts of water. And many crops such as
corn and potatoes are in between in their water
needs. This may influence farmers’ choice of crops
to grow as some regions of the United States and
other parts of the world are projected to become
drier and warmer as the climate changes and water
for irrigation becomes harder to obtain.
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Figure 5.8. The infiltration capacity of the soil determines whether water infiltrates or runs off

the surface. lllustration by Vic Kulihin.

is not the case when those aggregates fail and the soil
becomes compacted.

Runoff is produced when rainfall exceeds a soil’s
infiltration capacity. Rainfall or snowmelt on frozen
ground generally poses even greater runoff concerns,
as pores are blocked with ice. Runoff happens more
readily with poorly managed soils because they lack
strong aggregates that hold together against the force
of raindrops and moving water and, therefore, have few
large pores open to the surface to quickly conduct water
downward. Such runoff can initiate erosion, with losses
of nutrients and agrochemicals as well as sediment.

SOIL WATER AND AGGREGATION

Processes like erosion, soil settling and compaction are
affected by soil moisture conditions, and in turn affect
soil hardness and the stability of aggregates. When soil
is saturated and all pores are filled with water, the soil is
very soft. (Fungal hyphae and small roots also serve to
form and stabilize aggregates deeper in the soil.) Under
these saturated conditions, the weaker aggregates may
easily fall apart from the impact of raindrops and allow

the scouring force of water

moving over the surface to carry
soil particles away (Figure 5.9).
Supersaturated soil has no internal
strength, and the positive water
pressure in fact pushes particles
apart (Figure 5.10, left). This makes
soil very susceptible to erosion

by water flowing over the surface
or allows it to be pulled down by
gravity as land (mud) slides.

As soil dries and becomes
moist instead of wet, the pore
water remaining in contact with
solid surfaces becomes curved and

pulls particles together, which makes
the soil stronger and harder (Figure
5.10, middle). But when soils low in organic matter and
aggregation, especially sands, are very dry, the bonding
between particles decreases greatly because there is no
pore water left to hold the particles together. The soil
then becomes loose and the shear force of wind may
cause particles to become airborne and cause wind ero-
sion (Figure 5.10, right).

Strong aggregation is especially important during

Figure 5.9. Saturated soil is soft, easily dispersed by raindrop impact and
readily eroded. Photo by USDA-NRCS.
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Figure 5.10. Pore water pushes soil particles apart in supersaturated soils (left). Moist soils are firm or hard because curved water-surface contacts
of the pore water pull particles together (middle). Particles become loose in dry soil due to a lack of cohesion from pore water (right). lllustration

by Vic Kulihin.

these moisture extremes, as it provides another source
of cohesion that keeps the soil together. Good aggrega-
tion, or structure, helps to ensure a high-quality soil and
prevents dispersion (Figure 5.11). A well-aggregated soil
also results in good soil tilth, implying that it forms a
good seedbed after soil preparation. Aggregation in the
surface soil is enhanced by mulching or by leaving res-
idue on the surface, and also by limiting or eliminating
tillage. A continuous supply of organic materials, roots

Figure 5.11. Well-aggregated soil from an organically managed field with
arye cover crop.

of living plants and mycorrhizal fungi hyphae are also
needed to maintain good soil aggregation.

Surface residues and cover crops protect the soil
from wind and raindrops and moderate the temperature
and moisture extremes at the soil surface. Conversely,
an unprotected soil may experience very high tempera-
tures at the surface and become extremely dry. Worms
and insects will then move deeper into the bare soil,
which results in a surface zone that contains few active
organisms. Many bacteria and fungi that live in thin
films of water may die or become inactive, slowing the
natural process of organic matter cycling. Large and
small organisms promote aggregation in a soil that is
protected by a surface layer of crop residue cover, mulch
or sod and has continuous supplies of organic matter
to maintain a healthy food chain. An absence of both
erosion and compaction processes also helps maintain
good surface aggregation.

The soil’s chemistry also plays a role in aggregate
formation and stability, especially in dry climates. Soils
that have high sodium content (see chapters 6 and 20)
pose particular challenges.
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WHAT COMES FROM THE SKY: THE LIFEBLOOD

OF ECOSYSTEMS

We need to take a short diversion from our focus on

soils and briefly discuss climate. Various characteristics

of precipitation affect the potential for crop production

and the losses of water, sediment and contaminants

to the environment. These include the annual amount

of precipitation (for example, an arid versus humid

climate); the seasonal distribution and relation to

the growing season (wet seasons and dry seasons;

can rainfall supply the crops or is irrigation routinely

needed?); and the intensity, duration and frequency of

rain (regular gentle showers are better than infrequent

intense storms that may cause runoff and erosion).
Precipitation patterns are hardly ever ideal, and

most agricultural systems have to deal with shortages

of water at some time during the growing season, which
remains the most significant yield-limiting factor world-
wide. Water excess can also be a big problem, especially
in humid regions or monsoonal tropics. In that case
the main problem is not the excess water itself but the
lack of air exchange and oxygen. Many management
practices focus on limiting the effects of these climatic
deficiencies. Subsurface drainage and raised beds
remove excess water and facilitate aeration; irrigation
overcomes inadequate rainfall; aquatic crops like rice
allow for grain production in poorly drained soil; and
so forth. (See Chapter 17 for a discussion of irrigation
and drainage.)

So, climate affects how soils function and the
processes occurring in soils. What is perhaps less
understood is that good soil management and healthy

CLIMATE RISK AND RESILIENCE

The concept of risk integrates the cost of an adverse event with the chance of it occurring. With increasing frequency of
weather extremes, the risk of costly or catastrophic events affecting farms and communities goes up. Their vulnerability is
characterized by three aspects:

« Exposure: weather-related challenges you are likely to face

« Sensitivity: how and to what degree those events threaten your operation

o Adaptive capacity: how well you can minimize weather-related damage and 