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Important Things to Remember 
 
• The Illinois Envirothon will be held April 30P

th
P -  May 1P

st
P, 2014, at Allerton Park in 

Monticello. 
• This study packet for the 5th category should be used for your local Land Use Council 
(LUC) and Illinois Envirothon competition. 
• If you are the winning team from your LUC and coming to the Illinois Envirothon, 
please bring this packet with you. 
• Information on the Illinois Envirothon can be found on the Association of Illinois Soil & 
Water Conservation Districts website: http://www.aiswcd.org/programs/envirothon/ 
• Information on the North American Envirothon can be found on the following website: 
www.envirothon.org 

Good Luck and Have Fun! 

 
North American Envirothon  

2014 Current Issue Key Topics & Learning Objectives 
UKEY TOPICS 

1. Understanding the three pillars of sustainable agriculture and the indicators of 
sustainable farming. 

2. Understanding how ecosystems functions and the services they provide.  Good soil 
health is the foundation of a healthy ecosystem. 

3. How sustainable farming practices enhance and protect soil health, water quality, 
and water quantity, biodiversity, manage insect pests, disease, and weeds. 

4. The importance of local and regional foods systems to sustainable agriculture. 

ULEARNING OBJECTIVES 

1. Define sustainable agriculture.  Understand the importance of moving toward these 
farming systems to conserve natural resources, mitigate climate change, reduce 
erosion and protect water quality and quantity and promote pollination.  

2. Basic knowledge of soil science including its physical, chemical and biological 
processes and its vital role in sustainable farming. 

3. Comprehension of farming practices that build soil organic matter such as 
composting, crop rotations, cover crops, conservation tillage, and management 
intensive grazing systems. 
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4. Understand irrigation best management practices that reduce water use such as 
conservation tillage, cover crops, plant selection, precision agriculture, water re-use, 
and sub-surface drip irrigation. 

5. Knowledge of the role pollinators play in farming and ways to attract them. 

6. Understand integrated pest management and biological pest control techniques 
used to prevent insect pest, disease, and weed problems. 

7. Define organic agriculture as an example of a sustainable agriculture system. Give 
specifics on why it is sustainable and how it might not be. Describe the growth in 
organic production since the late 1990’s. 

8. Enumerate ways farmers can reduce their reliance on fossils fuels by increasing 
farm efficiency and using alternative fuels. 

9. Describe the economic, social, and environmental benefits of sustainable agriculture 
to local communities. 

10. Learn the ways farmers market their food locally and regionally. Understand the 
meaning of CSAs, food hubs, farmers markets and farm to school. 
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Building SoilS FoR  BetteR CRopS
SuStainable Soil ManageMent

third EditiON

“…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 iPod, 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

Practical information for farmers, ranchers, educators, students,  
and gardeners—Presented in an engaging, easy-to-read style.

The third edition of Building Soils—revised, expanded, and now in full color—explains how 
to use ecological approaches and work with the built-in strengths of your plant/soil system to  

boost fertility and yields while reducing pest pressures and environmental impacts. 

“Building Soils for Better Crops is one of the most practical guides on soil management available. As we confront a fu-
ture of peak oil, climate change and depleted fresh water resources, restoring the health of our soils is more imperative 
today than at any time in history. This 3rd edition is an indispensable resource for farmers and gardeners everywhere.”

—Fred Kirschenmann, distinguished Fellow, Leopold Center for Sustainable agriculture, and President, Stone Barns Center for Food and agriculture

 
“The third edition of Building Soils for Better Crops is clearly written and technically solid—easily accessible 

to students and farmers alike. It’s a must-read for the beginner, and a valuable update for experienced  
farmers and educators and those who’ve been away from the soil profile for some years.”         

—Charles Francis, Professor of agronomy and horticulture, University of nebraska 
$20.95

Building SoilS FoR  BetteR CRopS
by fred magdoff and harold van es

SuStainable Soil ManageMent
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third edition
by Fred MagdoFF and harold van es

handbook series book 10

Building SoilS FoR  BetteR CRopS
SuStainable Soil ManageMent

Published in 2009 by the Sustainable Agriculture Research and Education (SARE) program,  
with funding from the National Institute of Food and Agriculture, U.S. Department of Agriculture
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This book was published by the Sustainable Agriculture Research 
and Education (SARE) program under cooperative agreements with 
USDA’s National Institute of Food and Agriculture, University of 
Maryland and University of Vermont.

To order: 
Online: Visit www.sare.org/WebStore
By check or purchase order: Make payable to Sustainable Agriculture 
Publications and send to:

SARE Outreach Publications
P.O. Box 753
Waldorf, MD 20604-0753

Cost: 
•	 $20.95	for	orders	of	1-9	books
•	 $15.71	for	10-24	books	(a	25%	discount)
•	 $10.47	for	25	or	more	books	(a	50%	discount)

Shipping: 
•	 $5.95	for	first	book	(within	USA).	Add	$2	s/h	for	each	additional	

book—up to nine books—shipped within USA. 
•	 For	s/h	on	orders	of	10	or	more	books,	call	(301)	374-9696	or	visit	

www.sare.org/WebStore.

International or credit card orders: 
•	 Call	(301)	374-9696	or	visit	www.sare.org/webstore.

Library of Congress Cataloging-in-Publication Data

Magdoff,	Fred,	1942-

   Building soils for better crops : sustainable soil management / by 

Fred Magdoff and Harold van Es. -- 3rd ed.

	 	 p.	cm.	--		(Handbook	series	;	bk.	10)

   Includes bibliographical references and index.

			 ISBN	978-1-888626-13-1

		1.		Soil	management.	2.		Humus.		I.	Van	Es,	Harold,	1958-	II.	

Sustainable Agriculture Research & Education (Program) III. Title. 

IV.	Series:	Sustainable	Agriculture	Network	handbook	series	;	bk.	10.	

			 S592.8.M34	2009

				 631.4--dc22

																																																																																																				2009031856

Every effort has been made to make this book as accurate as possible. 
This text is only a guide, however, and should be used in conjunction 
with other information sources on crop, soil, and farm management.  
The editors, authors, and publisher disclaim any liability, loss, or risk, 
personal or otherwise, that is incurred as a consequence, directly or 
indirectly, of the use and application of any of the contents of this book.

Mention, visual representation, or inferred reference of a product, ser-
vice, manufacturer, or organization in this publication does not imply 
endorsement by USDA, the SARE program, or the authors. Exclusion 
does not imply a negative evaluation.

The	opinions	expressed	in	this	book	do	not	necessarily	reflect	the	 
opinions of the SARE program or USDA.

Authors: Fred Magdoff and Harold van Es
Contributing	Writer	(farmer	profiles):	Amy	Kremen
Production Manager: Dena Leibman
Copy	Editing:	Jill	Mason
Graphic	Design:	Kirsten	Ankers
Cover	Illustration:	Frank	Fretz	
Indexing:	Jill	Mason
Printing:	Printed	by	United	Book	Press	on	process-chlorine-free,	100%	
post-consumer-waste paper. 
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about the authors

Fred Magdoff is emeritus professor of plant and soil science at the University of Vermont 

and	adjunct	professor	at	Cornell	University.	He	was	Plant	and	Soil	Science	Department	chair	

for eight years and for two decades was the coordinator of the twelve-state Northeast Region 

for the U.S. Department of Agriculture’s Sustainable Agriculture Research and Education 

(SARE) program. He is also a fellow of the American Society of Agronomy. He has worked on 

soil testing for nitrogen and phosphorus, the effects of manures on soil properties and crop 

yields, buffering of soil pH, and many other issues related to soil health. He lives in Burlington 

and	Fletcher,	Vermont,	with	his	wife,	dog,	two	cats,	a	large	garden,	an	occasional	flock	of	

chickens, and a small herd of beef cows.

Harold van Es	is	a	professor	of	soil	science	at	Cornell	University	and	serves	as	chair	of	the	

Department	of	Crop	and	Soil	Sciences.	Born	in	Amsterdam,	Netherlands,	he	grew	up	in	an	

environment where soil and water are critical issues. His current research focuses on soil 

health, computational agriculture, and environmental statistics. He teaches courses in soil 

management and space-time statistics and also leads an extension program. He is a fellow 

of the Soil Science Society of America and the American Society of Agronomy. He lives in 

Lansing, New York, with his wife, three children, and two cats. 
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about sare
SARE is a grant-making and outreach program. Its mission is to advance—to the whole of American agriculture—

innovations	that	improve	profitability,	stewardship,	and	quality	of	life	by	investing	in	groundbreaking	research	and	

education.  

Since	it	began	in	1988,	SARE	has	funded	more	than	5,000	projects	around	the	nation	that	explore	innovations,	from	

rotational grazing to direct marketing to cover crops—and many other best practices. Administering SARE grants are 

four regional councils composed of farmers, ranchers, researchers, educators, and other local experts, and coordinators 

in every state and island protectorate run education programs for ag professionals. SARE Outreach publishes practical 

books, bulletins, online resources, and other information for farmers and ranchers. All of SARE’s activities are funded by 

the National Institute of Food and Agriculture, U.S. Department of Agriculture.   

Guided by the belief that healthy soil is the foundation of healthy agriculture, SARE has made soil quality research 

and education a cornerstone of its project portfolio—and made Building Soils for Better Crops one of its signature 

handbooks. This new, all-color edition is an authoritative text on soil health, detailing the latest research and experi-

ences of soil scientists—many of whom are SARE grant participants, including the book’s authors. Some other SARE 

titles that might be of interest to Building Soils readers:  (Books) Managing Cover Crops Profitably, third edition; 

The New American Farmer, second edition; Crop Rotation on Organic Farms; (Bulletins) Diversifying Cropping 

Systems; Transitioning to Organic Production; and Smart Water Use on Your Farm or Ranch.

For more information about SARE’s grant-making program and information products, visit www.sare.org or con-

tact:	SARE	Outreach,	1122	Patapsco	Bldg.,	University	of	Maryland,	College	Park,	MD	20742-6715;	info@sare.org;	(301)	

405-8020.

SARE’s four regional offices and outreach office work to advance sustainable innovations to the whole of American agriculture.
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ix

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. Building Soils for Better Crops 

is a practical guide to ecological soil management 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	manage-

ment of soil organic matter. 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 withstand droughty conditions better 

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 fertilizer, 

lime, and pesticides as many farmers now purchase. Soil 

organic matter is that important.

Organic matter management was also the heart of the 

second edition, but we decided to write a more compre-

hensive guide that includes other essential aspects of 

building healthy soils, such as managing soil physical 

properties and nutrients, as well as a chapter on evalu-

ating soil health (chapter 22). In addition, we updated 

farmer case studies and added a new one. The case stud-

ies describe a number of key practices that enhance the 

health of the farmers’ soils. 

Many chapters were rewritten, expanded, and reorga-

nized for the third edition—some completely. A chapter on 

physical properties and issues was divided into two (chap-

ters 5 and 6), and chapters were added on the principles of 

ecological	soil	management	(chapter	8)	and	on	irrigation	

and	drainage	(chapter	17).	The	third	edition,	while	still	

focusing on farming and soils in the United States, has a 

broader geographical scope; the book has evolved into a 

more comprehensive treatise of sustainable soil manage-

ment for a global audience. We have, however, maintained 

the use of English units in the book for the convenience 

of our original target audience, although many readers 

outside North America—and scientists like us—would 

perhaps prefer the use of metric units.

A book like this one cannot give exact answers to 

problems	on	specific	farms.	In	fact,	we	are	purposely	

staying away from recipe-type approaches. There are just 

too	many	differences	from	one	field	to	another,	one	farm	

to another, and one region to another, to warrant blanket 

recommendations.	To	make	specific	suggestions,	it	is	

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
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necessary to know the details of the soil, crop, climate, 

machinery, human considerations, and other variable 

factors. Good soil management needs to be adaptive and 

is better achieved through education and understanding 

than with simple recommendations.

Over many centuries, people have struggled with 

the same issues we struggle with today. We quote some 

of these people in many of the epigraphs at the begin-

ning of each chapter in appreciation for those who have 

come before. Vermont Agricultural Experiment Station 

Bulletin No. 135,	published	in	1908,	is	especially	fascinat-

ing; it contains an article by three scientists about the 

importance of soil organic matter that is strikingly mod-

ern 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	in	1943	when	it	was	first	published.	

And	let’s	not	forget	the	first	textbook	of	soil	manage-

ment,	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	con-

cepts, like the need for intensive tillage, it contains the 

blueprints for modern seed drills. 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 or the 

entire manuscript at one stage or another and made 

very useful suggestions. We would like to thank George 

Abawi,	William	Brinton,	Andy	Clark,	Bill	Cox,	Karl	

Czymmek,	Heather	Darby,	Addy	Elliott,	Charles	Francis,	

Tim	Griffin,	Joel	Gruver,	Karl	Hammer,	Jon	Hanson,	

Ellen	Harrison,	John	Havlin,	Robert	L.	Hill,	Bruce	

Hoskins,	Bill	Jokela,	Doug	Karlen,	Ann	Kennedy,	Charles	

Mitchell,	Jr.,	Tom	Morris,	John	Peters,	Stu	Pettygrove,	

Marianne	Sarrantonio,	John	Sawyer,	Eric	Sideman,	Gene	

Stevens,	Jeff	Strock,	and	Ray	Weil.

We recognize colleagues who provided photos in 

the	figure	captions,	and	we	are	grateful	for	their	con-

tribution. All other photos are our own or in the public 

domain. We also acknowledge some of our colleagues—

Bob Schindelbeck, George Abawi, David Wolfe, Omololu 

(John)	Idowu,	Ray	Weil,	and	Rich	Bartlett	(deceased)—

whose ideas and insights have helped shape our under-

standing 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.

— Fred Magdoff

 Professor Emeritus

 Department of Plant & Soil Science

 University of Vermont

— Harold van Es

	 Professor	and	Chair

	 Department	of	Crop	&	Soil	Sciences

	 Cornell	University

 June 2009

PreFaCe
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Throughout	history,	humans	have	worked	the	fields,	

and land degradation has occurred. Many civilizations 

have collapsed from unsustainable land use, including 

the	cultures	of	the	Fertile	Crescent	in	the	Middle	East,	

where	the	agricultural	revolution	first	occurred	about	

10,000	years	ago.	The	United	Nations	estimates	that	2.5	

billion	acres	have	suffered	erosion	since	1945	and	that	

38%	of	global	cropland	has	become	seriously	degraded	

since then. In the past, humankind survived because 

people developed new lands. But a few decades ago the 

total amount of agricultural land actually began to decline 

as new land could no longer compensate for the loss of 

old land. The exhaustive use of land is combined with 

increasing populations; greater consumption of animal 

products produced in large-scale facilities, which creates 

less	efficient	use	of	crop	nutrients;	expanding	acreages	

for biofuel crops; and the spread of urban areas, subur-

ban and commercial development, and highways onto 

agricultural lands. We have now reached a point where 

we are expanding into marginal lands—like shallow 

hillsides and arid areas—that are very fragile and can 

degrade	rapidly	(figure	I.1).	Another	area	of	agricultural	

expansion is virgin tropical rainforests, which are the last 

remnants of unspoiled and biologically rich land. 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 out of land. We have already seen 

hunger and civil strife—especially in Africa—over limited 

land resources and productivity, and a global food crisis 

break	out	in	2008.	Some	countries	with	limited	water	

or arable land are purchasing or renting land in other 

countries to produce food for the “home” market.

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 control 

products, and irrigation, which have resulted in food 

security for much of the developed world. At the same 

time, mechanization and the ever-increasing capacity of 

field	equipment	allow	farmers	to	work	increasing	acreage.	

Despite the high productivity per acre and per person, 

many farmers, agricultural scientists, and extension spe-

cialists see severe problems associated with our intensive 

agricultural production systems. Examples abound:

•		 With	conventional	agricultural	practices	heavily	

dependent on fossil fuels, the increase in the price of 

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 iPod, 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

Figure I.1. Reaching the limits: Marginal rocky land is put into production 
in Africa. 
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energy—as well as the diversion of crops to produce 

ethanol and biodiesel and other trends—will cause 

food prices to be higher in the future, resulting in a 

worldwide upsurge in hunger.

•		 Too	much	nitrogen	fertilizer	or	animal	manure	

sometimes causes high nitrate concentrations in 

groundwater. These concentrations can become high 

enough to pose a human health hazard. Many of the 

biologically rich estuaries and the parts of seas near 

river	inflows	around	the	world,	including	the	Gulf	of	

Mexico, 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 water bodies and degrade their quality by  

stimulating algae growth.

•		 Antibiotics	used	to	fight	diseases	in	farm	animals	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 animals are crowded 

together has resulted in outbreaks of human illness 

from strains of disease-causing bacteria 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 the silting up of reservoirs, 

ponds, and lakes.

•		 Soil	compaction	reduces	water	infiltration	and	 

increases	runoff,	thereby	increasing	flooding,	while	 

at the same time making soils more drought prone.

•		 In	some	parts	of	the	country	groundwater	is	 

being used for agriculture faster than nature can  

replenish this invaluable resource. In addition,  

water is increasingly diverted for urban growth in  

dry regions of the country, lessening the amount  

available for irrigated agriculture.

The whole modern system of agriculture and food is 

based on extensive use of fossil fuels—to make and power 

large	field	equipment,	produce	fertilizers	and	pesticides,	

dry grains, process food products, and transport them 

over long distances. With the price of energy so much 

greater than just a few years ago, the economics of the 

“modern” agricultural system may need to be reevaluated.

The food we eat and our surface and groundwaters are 

sometimes contaminated with disease-causing organ-

isms and chemicals used in agriculture. Pesticides used to 

control insects and plant diseases can be found in foods, 

animal feeds, groundwater, and surface water running off 

agricultural	fields.	Farmers	and	farm	workers	are	at	spe-

cial risk. Studies have shown higher cancer rates among 

those	who	work	with	or	near	certain	pesticides.	Children	

in	areas	with	significant	usage	of	pesticides	are	also	at	

risk of having developmental problems. When considered 

together, these inadvertent by-products of agriculture are 

huge. The costs of all these negative effects on wildlife, 

natural resources, human health, and biodiversity in 

the	United	States	is	estimated	at	between	$6	billion	and	

$17	billion	per	year.	The	general	public	is	increasingly	

demanding safe, high-quality food that is produced with-

out 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. As 

consolidations and other changes occur in the agriculture 

input (seeds, fertilizers, pesticides, equipment, etc.), food 

processing, and marketing sectors, the farmer’s bargain-

ing position weakens. For many years the high cost of 

purchased inputs and the low prices of many agricultural 

commodities, such as wheat, corn, cotton, and milk, caught 

farmers in a cost-price squeeze that made it hard to run 

a	profitable	farm.	At	the	time	of	writing	this	edition,	the	

prices for many agricultural commodities have recently 

seen sharp increases and then a rapid decrease. On the 

other hand, the costs of purchased inputs also increased 

greatly but then did not decrease as much as crop prices 

did. The wide swings in prices of crops and animal prod-

ucts have created a lot of stress among farmers.

Given these problems, you might wonder if we should 
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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 envi-

ronmentally 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 the 

consumer,	they	frequently	find	that	there	are	ways	to	

increase	profitability	by	decreasing	the	use	of	inputs	pur-

chased off the farm and selling direct to the end-user. 

SOIl HEAlTH INTEgRAl TO SUSTAINAblE AgRIcUlTURE
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 pro-

ductivity	of	soil.	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 produc-

tivity 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 the cycling of nutrients 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 the avail-

ability of cheap water for irrigation in some parts of the 

western United States, many people working with soils 

forgot or ignored the importance of organic matter in 

promoting high-quality soils.

As farmers and scientists were placing less empha-

sis on soil organic matter during the last half of the 

20th century, farm machinery was getting larger. 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,	creat-

ing severe compaction and sometimes leaving the soil 

in a cloddy condition, requiring more harrowing than 

otherwise would be needed. The use of the moldboard 

plow, followed by harrowing, broke down soil struc-

ture and left no residues on the surface. Soils were left 

bare and very susceptible to wind and water erosion. 

New harvesting machinery was developed, replacing 

hand harvesting of crops. As dairy herd size increased, 

farmers needed bigger spreaders to handle the manure. 

More	passes	through	the	field	with	heavier	equipment	to	

spread fertilizer and manure, prepare a seedbed, plant, 

spray pesticides, and harvest created the potential for 

significant	amounts	of	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 

react	after	seeing	a	“problem”	in	the	field.	If	a	soil	is	defi-

cient in some nutrient, you buy a 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 an imple-

ment, such as a subsoiler, to tear it open. If a plant dis-

ease or insect infestation occurs, you apply a pesticide.

 “[Organic matter was] once extolled as the  

essential soil ingredient, the bright particular star  

in the firmament of the plant grower . . .” 
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Are low nutrient status; poor water-holding capacity; 

soil compaction; susceptibility to erosion; and disease, 

nematode, or insect damage 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 

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. 

These symptoms are usually directly related to deple-

tion of soil organic matter, lack of a thriving and diverse 

population of soil organisms, and compaction caused 

by	use	of	heavy	field	equipment.	Farmers	have	been	

encouraged to react to individual symptoms instead of 

focusing their attention on general soil health manage-

ment. A new approach is needed to help develop farming 

practices that take advantage of the inherent strengths 

of natural systems. In this way, we can prevent the many 

symptoms of unhealthy soils from developing, instead 

of reacting after they develop. If we are to work together 

with nature, instead of attempting to overwhelm and 

dominate it, the buildup and maintenance of good levels 

of organic matter in our soils are as critical as manage-

ment of physical conditions, pH, and nutrient levels.

A skeptic might argue that the challenges described 

above are simply the result of basic economic forces, 

including the long-run inexpensive cost of fossil fuel and 

crop inputs (although this is changing), and the fact that 

environmental consequences and long-term impacts are 

not internalized into the economic equation. It could 

then be argued that matters will not improve unless the 

economic incentives are changed. We argue that those 

economic motivations are already present, that sustain-

able	soil	management	is	profitable,	and	that	such	man-

agement	will	cause	profitability	to	increase	with	greater	

scarcity of resources and higher prices of crop inputs.

This	book	has	four	parts.	Part	1	provides	background	

information about soil health and organic matter: what it 

is, why it is so important, the importance of soil organisms, 

and why some soils are of higher quality than others.  

Part 2 includes discussions of soil physical properties, soil 

water	storage,	and	nutrient	cycles	and	flows.	Part	3	deals	

with the ecological principles behind—and practices that 

promote—building healthy soil. It begins with chapters 

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 enhanc-

ing soil quality include the use of animal manures and 

cover crops; good residue management; appropriate selec-

tion of rotation crops; use of composts; reduced tillage; 

minimizing soil compaction and enhancing aeration; better 

nutrient and amendment management; good irrigation 

and	drainage;	and	adopting	specific	conservation	practices	

for erosion control. Part 4 discusses how you can evaluate 

soil health and combine soil-building management strate-

gies that actually work on the farm, and how to tell whether 

the health of your soils is improving.

SOURcES
Hills,	J.L.,	C.H.	Jones,	and	C.	Cutler.	1908.	Soil	deterioration	and	

soil humus. In Vermont Agricultural Experiment Station Bulle-
tin 135,	pp.	142–177.	Burlington:	University	of	Vermont,	College	
of Agriculture.

Montgomery, D. 2007. Dirt: The Erosion of Civilizations. Berkeley: 
University	of	California	Press.

Tegmeier, E.M., and M.D. Duffy. 2004. External costs of agricul-
tural production in the United States. International Journal of 
Agricultural Sustainability	2:	1–20.

What many people think are

 individual problems may just be symptoms of a 

degraded, poor-quality soil.
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Chapter 1

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.

—C.W. burkett, 1907

It should come as no surprise that many cultures 

have considered soil central to their lives. After all, 

people 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 maturity. 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 important part of the cultures of many civilizations, 

including American Indian tribes.

Although we focus on the critical role soils play 

in growing crops, it’s important to keep in mind that 

soils also serve other important purposes. Soils govern 

whether	rainfall	runs	off	the	field	or	enters	the	soil	and	

eventually helps recharge underground aquifers. When 

a soil is denuded of vegetation and starts to degrade, 

excessive	runoff	and	flooding	are	more	common.	Soils	

also absorb, release, and transform many different chemi-

cal compounds. For example, they help to purify wastes 

flowing	from	the	septic	system	fields	in	your	back	yard.	

Soils also provide habitats for a diverse group of organ-

isms, many of which are very important—such as those 

bacteria that produce antibiotics. Soil organic matter 

stores	a	huge	amount	of	atmospheric	carbon.	Carbon,	in	

the form of carbon dioxide, is a greenhouse gas associated 

with global warming. So by increasing soil organic matter, 

more carbon can be stored in soils, reducing the global 

warming potential. We also use soils as a foundation for 

roads, industry, and our communities. 

WHAT KIND OF SOIl DO YOU WANT?
Soil consists of four important parts: mineral solids, 

water, air, and organic matter. Mineral solids are sand, 

silt, and clay and mainly consist of silicon, oxygen, alu-

minum, potassium, calcium, and magnesium. The soil 

water, also called the soil solution, contains dissolved 

healthy soils
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nutrients and is the main source of water for plants. 

Essential nutrients are made available to the roots of 

plants through the soil solution. 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. When mineral and 

organic particles clump together, aggregates are formed. 

They create a soil that contains more spaces, or pores, for 

storing water and allowing gas exchange as oxygen enters 

for use by plant roots and soil organisms and the carbon 

dioxide	(CO2) produced by organisms leaves the soil.

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 good is the soil in its role of supporting the growth 

of high-yielding, high-quality, and healthy crops? How 

would you know a high-quality soil from a lower-quality 

soil? Most farmers and gardeners would say that 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. They know high-quality soil because it 

generates higher yields with less effort. Less rainwater 

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.

The	first	thing	many	might	think	of	is	that	the	soil	

should	have	a	sufficient	supply	of	nutrients	throughout	

the growing season. But don’t forget, at the end of the 

season there shouldn’t be too much nitrogen and phos-

phorus left in highly soluble forms or enriching the soil’s 

surface. Leaching and runoff of nutrients are most likely 

to occur after crops are harvested and before the follow-

ing year’s crops are well established.

We also want the soil to have 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. For good root 

growth	and	drainage,	we	want	a	soil	with	sufficient	

depth before a compact soil layer or bedrock is reached. 

We want a soil to be well drained, so 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	

reach the root zone to promote optimal root health—and 

that happens best in a soil without a drainage problem. 

(Keep	in	mind	that	these	general	characteristics	do	not	

hold	for	all	crops.	For	example,	flooded	soils	are	desirable	

for cranberry and paddy rice production.)

We want the soil to have low populations of plant 

disease and parasitic organisms so plants grow bet-

ter.	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 as 

earthworms and many bacteria and fungi.

thInK LIKe A root!
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 soil could store large quantities 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 populations 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. You would also not want any subsurface layers that 

would restrict your growth deep into the soil.

chAPter 1 healthy soils
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A high-quality soil is free of chemicals 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 application of sewage sludge with high concentrations 

of toxic elements.

A high-quality soil should resist being degraded. It 

also should be resilient, recovering quickly after unfa-

vorable changes like compaction.

THE NATURE AND NURTURE OF SOIlS
Some soils are exceptionally good for growing crops, and 

others are inherently unsuitable; most are in between. 

Many soils also have limitations, such as low organic mat-

ter content, texture extremes (coarse sand or heavy clay), 

poor drainage, or layers that restrict root growth. Iowa’s 

loess-derived prairie soils are naturally blessed with a 

combination of 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.

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 turn into one with poor 

health, although it generally takes a lot of mistreatment 

to reach that point. On the other hand, an innately chal-

lenging soil may be very “unforgiving” of poor manage-

ment and quickly become even worse. For example, a 

heavy clay loam soil can be easily compacted and turn 

into a dense mass. Both naturally good and poor soils 

can be productive if they are managed well. However, 

they will probably never reach parity, because some 

limitations simply cannot be completely overcome. The 

key idea is the same that we wish for our children—we 

want our soils to reach their fullest potential.

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 U.S. and around the world have become degraded—

they have become what many used to call “worn-out” 

soils. Degradation most commonly occurs when ero-

sion and decreased soil organic matter levels initiate a 

downward	spiral	resulting	in	poor	crop	production	(figure	

1.1).	Soils	become	compact,	making	it	hard	for	water	to	

Figure 1.1. The downward spiral of soil degradation. Modified from Topp et al. (1995).

intensive tillage, soil erosion, 
and insufficient added residues

soil organic matter decreases

surface becomes compacted, crust forms

more soil organic matter is lost

crop yields are reduced

less soil water storage, less diversity of 
soil organisms, fewer nutrients for plants

increased erosion by wind and water

aggregates break down

hunger and malnutrition result
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infiltrate	and	roots	to	develop	properly.	Erosion	contin-

ues, 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.)

Historically,	soil	degradation	caused	significant	

harm to many early civilizations, including the drastic 

loss of productivity resulting from soil erosion in Greece 

and many locations in the Middle East (such as present-

day	Israel,	Jordan,	Iraq,	and	Lebanon).	This	led	either	

to colonial ventures to help feed the citizenry or to the 

decline of the culture.

Tropical rainforest conditions (high temperature and 

rainfall, with most of the organic matter near the soil 

surface)	may	cause	significant	soil	degradation	within	

two or three years of conversion to cropland. This is the 

reason the “slash and burn” system, with people moving 

to a new patch of forest every few years, developed in the 

tropics.	After	farmers	depleted	the	soils	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 conditions of the 

humid portion 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.

The extent of erosion on a worldwide basis is 

staggering—it is estimated that erosion has progressed 

far	enough	to	decrease	yields	on	an	estimated	16%	of	all	

the world’s agricultural soils. The value of annual crop 

loss	due	to	soil	degradation	by	erosion	is	around	$1	bil-

lion. And erosion is still a major global problem, robbing 

people of food and each year continuing to reduce the 

productivity of the land.

HOW DO YOU bUIlD A HEAlTHY, HIgH-QUAlITY SOIl?
Some characteristics of healthy soils are relatively easy 

to achieve—for example, an application of limestone 

will make a soil less acid and 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.

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 understand-

ing,	thought,	and	significant	actions.	This	is	also	true	

for maintaining or improving already healthy soils. Soil 

organic	matter	has	a	positive	influence	on	almost	all	of	

the characteristics we’ve just discussed. As we will discuss 

in	chapters	2	and	8,	organic	matter	is	even	critical	for	

managing pests—and improved soil management should 

be the starting point for a pest reduction program on 

…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.e.
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every farm. Appropriate organic matter management is, 

therefore, the foundation for high-quality soil and 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 compaction by 

heavy	field	equipment	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:

•		 Implement	a	number	of	practices	that	add	organic	

materials to the soil.

•		 Add	diverse	sources	of	organic	materials	to	the	soil.

•		 Minimize	losses	of	native	soil	organic	matter.

•		 Provide	plenty	of	soil	cover—cover	crops	and/or	

surface residue—to protect the soil from raindrops 

and temperature extremes.

•		 Minimize	tillage	and	other	soil	disturbances.

•		 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	nutri-

ents for plants without resulting in water pollution.

•		 In	arid	regions,	reduce	the	amount	of	sodium	or	salt	

in the soil.

evALuAtInG Your soILs
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. 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 score card for every major field or soil type on their farms every few years, or, alternatively, to send in soil to 

a lab that offers soil health analyses. But even without doing 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 soil health in chapter 22. 

Later in the book we will return to these and other 

practices for developing and maintaining healthy soils.

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	

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 U.S., 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 people’s diets by increasing plant content through 

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 
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all its aspects, not just nutrient levels—is probably one 

of the most essential strategies for providing nutri-

tious 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 si Xie, 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%	to	6%	

organic matter. It consists of three distinctly different 

parts—living organisms, fresh residues, and 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.

The living 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.	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 addi-

tion, they recycle plant nutrients. Sticky substances on 

the skin of earthworms and other substances produced 

by fungi help bind particles together. This helps to sta-

bilize the soil aggregates, clumps of particles that make 

up good soil structure. 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 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	interactions	

between soil organisms and roots, and among the  

various soil organisms, is provided in chapter 4. 

A multitude of microorganisms, earthworms, and 
Photo by Christine Markoe
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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.

The fresh residues, or “dead” organic matter, consist 

of recently deceased microorganisms, insects, earth-

worms, 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, and earthworms—

living in the soil. As organic materials are decomposed 

by the “living,” they release many of the nutrients 

needed by plants. Organic chemical compounds pro-

duced during the decomposition of fresh residues also 

help to bind soil particles together and give the soil  

good structure.

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 because so many microorganisms use 

them as food.

The well-decomposed organic material in soil, 

the “very dead,” is called humus. Some use the term 

humus to describe all soil organic matter; some use it 

to describe just the part you can’t see without a micro-

scope. We’ll use the term to refer only to the well-

decomposed part of soil organic matter. Because it is so 

stable and complex, the average age of humus in soils is 

usually	more	than	1,000	years.	The	already	well-decom-

posed humus is not a food for organisms, but its very 

small size and chemical properties make it an important 

part of the soil. Humus holds on to some essential nutri-

ents, storing them for slow release to plants. Humus 

also can surround certain potentially harmful chemi-

cals and prevent them from causing damage to plants. 

Good amounts of soil humus can both lessen drainage 

and compaction problems that occur in clay soils and 

improve water retention in sandy soils by enhancing 

aggregation, which reduces soil density, and by holding 

on to and releasing water.

Another type of organic matter, one that has gained 

a lot of attention lately, is usually referred to as black 

carbon. Almost all soils contain some small pieces of 

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

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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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.	

However, the interest in charcoal in soils has come 

about mainly through the study of the soils called 

dark earths (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, giving 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 man-

ner in which the burning occurred—slow burns, perhaps 

because of the wet conditions common in the Amazon—

produces a lot of char material and not as much ash as 

occurs with more complete burning at higher tem-

peratures. These soils were intensively used in the past 

but have been abandoned for centuries. Still, they are 

much more fertile than the surrounding soils—partially 

due to the high inputs of nutrients in animal and plant 

residue—and 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.	Charcoal	is	a	very	stable	

form of carbon and apparently helps maintain relatively 

high cation exchange capacity as well as biological activ-

ity. People are beginning to experiment with adding 

large amounts of charcoal to soils—but we’d suggest 

waiting for results of the experiments before making 

large investments in this practice. The quantity needed 

to make a major difference to a soil is apparently huge—

many tons per acre—and may limit the usefulness of this 

practice to small plots of land.

Normal organic matter decomposition that takes 

place in soil is a process that is similar to the burn-

ing 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, 

bIochAr As A soIL AMendMent
It is believed that the unusually productive “dark earth” soils of the Brazilian Amazon region were produced and stabilized 

by incorporation of vast amounts of charcoal over the years of occupation and use. Black carbon, produced by wildfires as 

well as human activity and found in many soils around the world, is a result of burning biomass at around 700 to 900°F 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 popu-

lations, and is very stable in soils. Although many times increases in yield have been reported following biochar application—

probably a result of increased nutrient availability or increased pH—sometimes yields suffer. Legumes do particularly well 

with biochar additions, while grasses are frequently nitrogen deficient, indicating that nitrogen may be deficient for a period 

following application.

Note: The effects of biochar on raising soil pH and immediately increasing calcium, potassium, magnesium, etc., are probably 

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.

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant
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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 oxidation. 

We usually call it respiration. Oxygen is used, and carbon 

dioxide and heat are given off in the process.

Soil carbon is sometimes used as a synonym for 

organic matter. 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 mat-

ter—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. 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 carbon form. 

Even in humid climates, when limestone is found very 

close to the surface, some may be present in the soil. 

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 maintain-

ing 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. That is the reason it’s so important to 

our understanding of soil health and how to manage soils 

better. Organic matter is essentially the heart of the story, 

but 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 have to have any soil 

at all. (Although gravel and sand hydroponic systems 

without soil can grow excellent crops, large-scale sys-

tems of this type are usually neither economically nor 

ecologically sound.) It’s also true that there are other 

important issues aside from organic matter when con-

sidering the quality 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	without	the	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%	organic	matter.	In	a	Maryland	

experiment, researchers saw an increase of approxi-

mately	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 matter—the 

humus.	Its	large	surface	area–to–volume	ratio	means	

that humus is in contact with a considerable portion 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 rapidly. 

However, the many roles of living organisms make soil 

life an essential part of the organic matter story.

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant
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Plant Nutrition
Plants need eighteen chemical elements for their 

growth—carbon	(C),	hydrogen	(H),	oxygen	(O),	nitrogen	

(N),	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	(CO2) and oxygen partially as 

oxygen gas (O2) from the air. The remaining essential 

elements are obtained mainly from the soil. The avail-

ability	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, mag-

nesium, sulfur—are called macronutrients. The other 

elements, called micronutrients, are essential elements 

needed in small amounts. (Sodium [Na] helps many 

plants grow better, but it is 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, 

or 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 (NO3

–). 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 

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. 

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant
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Figure 2.3. Adding organic matter results in many changes. Modified from Oshins and Drinkwater (1999).
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micronutrients. This release of nutrients from organic 

matter by mineralization is part of a larger agricultural 

nutrient	cycle	(see	figure	2.4).	For	a	more	detailed	

discussion of nutrient cycles and how they function in 

various cropping systems, see chapter 7. 

Addition of nitrogen. Bacteria living in nodules 

on legume roots convert nitrogen from atmospheric gas 

(N2) 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. Because opposite charges 

attract, humus 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 deep into the subsoil when water moves 

through the topsoil. 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 (NO3
–) 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 

tropics, tend to have low amounts of negative charge. 

When those clays are present, organic matter may be 

the major source of negative charges that bind nutrients, 

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant
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even	for	fine-textured	(high-clay-content)	soils.

Protection of nutrients by chelation. Organic 

molecules in the soil may also hold on to and protect 

certain nutrients. These particles, called “chelates” 

(pronounced key-lates) are by-products of the active 

decomposition of organic materials and are smaller 

than the particles that make up humus. In general, 

elements are held more strongly by chelates than by 

binding	of	positive	and	negative	charges.	Chelates	work	

well because they bind the nutrient at more than one 

location	on	the	organic	molecule	(figure	2.5c).	In	some	

soils, trace elements, such as iron, zinc, and manga-

nese, would be converted to unavailable 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, humic substances may 

chelate 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. 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 organisms dissolve minerals and make 

phosphorus more available. If soil organisms aren’t 

present and active, more fertilizers will be needed to 

supply plant nutrients.

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 is home 

to a much more diverse group of organisms than soil 

depleted of organic matter. This greater diversity of 

organisms helps insure that fewer potentially harmful 

organisms	will	be	able	to	develop	sufficient	populations	

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 

orGAnIc MAtter IncreAses the  
AvAILAbILItY of nutrIents . . .
Directly
• As organic matter is decomposed, nutrients are 

converted into forms that plants can use directly.

• CEC is produced during the decomposition process, 

increasing the soil’s ability to retain calcium, potas-

sium, magnesium, and ammonium.

• Organic molecules are produced that hold and 

protect a number of micronutrients, such as zinc 

and iron.

Indirectly 
• Substances produced by microorganisms promote 

better root growth and healthier roots, and with a 

larger and healthier root system plants are able to 

take in nutrients more easily.

• Organic matter contributes to greater amounts of 

water retention following rains because it improves 

soil structure and thereby improves water-holding 

capacity. This results in better plant growth and 

health and allows more movement of mobile 

nutrients (such as nitrates) to the root. 

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant
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the surface. 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, the soil’s structure deterio-

rates 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 and 

water storage. 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 and help plants get more water and 

nutrients—are important binding material in soils. The 

arrangement and collection of minerals 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 wetland crops, such as rice, when 

you	want	a	dense,	puddled	soil	to	keep	it	flooded.

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. 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.

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. For an example, see the photo on the back 

cover of this book. It shows that soil differences can be 

created by different management strategies. Farmers and 

gardeners would certainly rather grow their crops on the 

more porous soil depicted in the photo on the right.

Since erosion tends to remove the most fertile part 

of	the	soil,	it	can	cause	a	significant	reduction	in	crop	

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant
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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 pores near 

the	surface	fill	with	solids.	When	this	happens,	water	

that	can’t	infiltrate	into	the	soil	runs	off	the	field,	carry-

ing	valuable	topsoil	(figure	2.6).

Large soil pores, or channels, are very important 

because	of	their	ability	to	allow	a	lot	of	water	to	flow	rap-

idly into the soil. 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.

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 decompos-

ing	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. More acidic conditions, with greater 

amounts of hydrogen, are indicated by lower numbers. 

A soil at pH 4 is very acid. Its solution is ten times more 

acid 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. 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 

out of solution as acids are produced or by giving off 

hydrogen as bases are produced. (For discussion about 

management of acidic soils, see chapter 20.) 

Stimulation of Root Development
Microorganisms in soils produce numerous substances 

that stimulate plant growth. Humus itself has a directly 

beneficial	effect	on	plants	(figure	2.7).	The	reason	for	

this stimulation has been found mainly to be due to 

making micronutrients more available to plants—caus-

ing roots to grow longer and have more branches, result-

ing in larger and healthier plants. In addition, many soil 

microorganisms produce a variety of root-stimulating 

substances that behave as plant hormones.

Darkening of the Soil
Organic matter tends to darken soils. You can easily see 

this in coarse-textured sandy soils containing light-col-

ored minerals. Under well-drained conditions, a darker 

soil surface allows a soil to warm up a little faster in the 

spring. This provides a slight advantage for seed ger-

mination and the early stages of seedling development, 

which	is	often	beneficial	in	cold	regions.

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 

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant

Figure 2.7. Corn grown in 
nutrient solution with
(right) and without (left) 
humic acids. Photo by  
R. Bartlett. In this  
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.
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plants. As soils become more acidic, especially at pH lev-

els 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 prop-

erty 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 poten-

tially toxic chemicals, rendering them harmless.

ORgANIc MATTER AND NATURAl cYclES
The Carbon Cycle
Soil	organic	matter	plays	a	significant	part	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 thought to cause global warming. 

Carbon	dioxide	is	also	released	to	the	atmosphere	when	

fuels, such as gas, oil, and wood, are burned. A simple 

version of the natural carbon cycle, 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 

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant
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Figure 2.8. The role of soil organic matter in the carbon cycle. 
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atmosphere as they use organic molecules for energy.

The largest amount of carbon present on the land is 

not in the living plants, but in soil organic matter. That is 

rarely mentioned in 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. 

In fact, carbon stored in all the world’s soils is over 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 from the rapid depletion of soil organic matter 

following conversion of forests to agricultural practices. 

There	is	as	much	carbon	in	six	inches	of	soil	with	1%	

organic	matter	as	there	is	in	the	atmosphere	above	a	field.	

If	organic	matter	decreases	from	3%	to	2%,	the	amount	

of carbon dioxide in the atmosphere could double. (Of 

course, wind and diffusion move the carbon dioxide to 

other parts of the globe.)

The Nitrogen Cycle
Another important global process in which organic mat-

ter plays a major role is the nitrogen cycle. It is of direct 

importance in agriculture, because there is frequently 

not enough available nitrogen in soils for plants to grow 

their	best.	Figure	2.9	shows	the	nitrogen	cycle	and	how	

soil organic matter enters into the cycle. Some bacte-

ria	living	in	soils	are	able	to	“fix”	nitrogen,	converting	

nitrogen gas to forms that other organisms, including 

crop plants, can use. Inorganic forms of nitrogen, like 

ammonium and nitrate, exist in the atmosphere natu-

rally, although air pollution causes higher amounts than 

normal. Rainfall and snow deposit inorganic nitrogen 

forms on the soil. Inorganic nitrogen also may be added 

in the form of commercial nitrogen fertilizers. These fer-

tilizers are derived from nitrogen gas in the atmosphere 

through	an	industrial	fixation	process.

Almost all of the nitrogen in soils exists as part of the 

organic matter, in forms that plants are not able to use 

as their main nitrogen source. Bacteria and fungi con-

vert the organic forms of nitrogen into ammonium, and 

different bacteria convert ammonium into nitrate. Both 

nitrate and ammonium can be used by plants.

Nitrogen can be lost from a soil in a number of ways. 

When	crops	are	removed	from	fields,	nitrogen	and	other	

nutrients also are removed. The nitrate (NO3
–) form 

of nitrogen leaches readily from soils and may end up 

in groundwater at higher concentrations than may be 

safe for drinking. Organic forms of nitrate as well as 

nitrate and ammonium (NH4
+) 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 

(N2) and nitrous oxide (N2O) gases in a process called 

denitrification,	which	occurs	in	saturated	soils.	Nitrous	

oxide (also a “greenhouse gas”) contributes strongly to 

global warming. 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 not to 

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant

coLor And orGAnIc MAtter
In Illinois, a hand-held chart has been developed to allow people to estimate percent of soil organic matter. Their darkest 

soils—almost black—indicate from 3.5 to 7% organic matter. A dark brown soil indicates 2 to 3%, and a yellowish brown soil 

indicates 1.5 to 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.) 

2014 Current Issue Study Packet pg 37



Building SoilS for Better CropS: SuStainaBle Soil ManageMent

20

apply excessive rates of nitrogen fertilizers or manures—

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 the 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 the ocean 

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.	This	water	may	be	

available for plants to use or it may percolate deep into 

the subsoil and help to recharge the groundwater sup-

ply. Since groundwater is commonly used as a drinking 

water source for homes and for irrigation, recharging 

groundwater is important. When the soil’s organic mat-

ter level is depleted, it is less able to accept water, and 

high levels of runoff and erosion result. This means less 

water for plants and decreased groundwater recharge.

chAPter 2 organiC Matter: What it is and Why it’s so iMPortant
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Figure 2.9. The role of organic matter in the nitrogen cycle. 
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SUMMARY
Soil organic matter is the key to building and maintain-

ing	healthy	soils	because	it	has	such	great	positive	influ-

ences on essentially all soil properties—helping to grow 

healthier plants. It also plays a critical role in the water, 

nitrogen, and carbon cycles. Organic matter consists 

mainly of the living organisms in the soil (“the living”), 

the fresh residue (“the dead”), and the very well decom-

posed (or burned) material (“the very dead”). Each of 

these types of organic matter plays an important role in 

maintaining healthy soils. 
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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 dif-

ferent properties that taking them all into account 

and figuring out their dollar value is an enormous task. 

One study published in 2004 estimated the value of 

nitrogen contributions and the added water availabil-

ity from increased organic matter. In 2008 dollars, their 

estimates for just those two aspects would amount to 

about $20 per acre per year for every extra percent of 

organic matter.
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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.h. hills, C.h. 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. 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.	Hans	Jenny	carried	out	pioneering	work	on	the	

effect	of	natural	influences	on	soil	organic	matter	levels	

in the U.S. more than sixty years ago.

The amount of organic matter in a soil is the result of 

all the additions and losses of organic matter that have 

occurred	over	the	years	(figure	3.1).	In	this	chapter,	we	will	

look at why different soils have different organic matter 

levels. 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 crit-

ical roles and the amount of each of these 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 be lost through erosion may deplete 

organic matter.

Figure 3.1. Additions and losses of organic matter from soils.
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If additions are greater than losses, organic matter 

increases. When additions are less than losses, there is 

a depletion of soil organic matter. 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 materi-

als 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	deter-

mining soil organic matter levels.

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 microrganism activity when the soil is dry. When it 

finally	rains,	a	very	rapid	burst	of	decomposition	of	soil	

organic matter occurs. Soil organic matter levels gener-

ally 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 aggre-

gates that in turn protect the organic matter inside from 

organisms	and	their	enzymes.	In	addition,	fine-textured	

chAPter 3 aMount oF organiC Matter in soils

storAGe of orGAnIc MAtter In soIL
organic matter is protected in soils by:
•  Formation of strong chemical organic matter—clay 

(and fine silt) bonds

•  Being inside small aggregates (physically protected) 

•  Conversion into stable substances such as humic ma-
terials that are resistant to biological decomposition

•  Restricted drainage, sometimes related to texture, 
that reduces the activity of the organisms that need 
oxygen to function

•  Char produced by incomplete burning

Large aggregates are made up of many smaller ones 
that are held together by sticky substances 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, compac-
tion, or being in the bottom of a slope 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.
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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, with organic 

matter	contents	of	over	20%,	develop.	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 receive 

runoff, sediments (including organic matter), and seep-

age 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 organic matter 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, for root death and decomposition constantly occur 

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,	subsurface	

mineral layers in forest soils typically contain less than 

2%	organic	matter.

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 inhibit-

ing earthworm activity, encourage organic matter to 

accumulate at the soil surface, rather than distributing 

throughout the soil layers.

chAPter 3 aMount oF organiC Matter in soils

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% to 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. 
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HUMAN INFlUENcES
Loss of topsoil that is rich in organic matter by erosion 

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 than others. However, 

agricultural practices accelerate erosion. It is estimated 

that erosion in the United States is responsible for annual 

losses of about a billion dollars in available nutrients and 

many times more in total soil nutrients.

Unless erosion is severe, a farmer may not even 

realize a problem exists. But that doesn’t mean that crop 

yields are unaffected. In fact, yields may decrease by 

5%	to	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	influences	both	

organic matter levels and water-holding ability. Greater 

amounts of erosion decreased the organic matter content 

of these 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 residues. Much of the rapid loss of organic matter 

following the conversion of grasslands to agriculture has 

been attributed to large reductions in residue inputs, 

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	of	a	soil	to	prepare	a	

smooth seedbed break down natural soil aggregates and 

root vs. 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 above-ground 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 particu-

late organic matter (active, or “dead”) than did aboveground residue.

chAPter 3 aMount oF organiC Matter in soils

Table 3.1
Effects of Erosion on Soil Organic Matter and Water

Soil Erosion
Organic  

Matter (%)
Available Water 

Capacity (%)

Corwin
slight 3.03 12.9

moderate 2.51 9.8
severe 1.86 6.6

Miami
slight 1.89 16.6

moderate 1.64 11.5
severe 1.51 4.8

Morley

slight 1.91 7.4
moderate 1.76 6.2

severe 1.60 3.6

Source: Schertz et al. (1985).
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destroy large, water-conducting channels. 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. During the early years of agriculture in 

the United States, when colonists 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. In fact, the soils were literally mined 

of this valuable resource. In the Northeast and Southeast, 

it was quickly recognized that fertilizers and soil amend-

ments were needed to maintain soil productivity. In the 

Midwest, the deep, rich soils of the tall-grass prairies were 

able to maintain their productivity for a long time despite 

accelerated	loss	of	soil	organic	matter	and	significant	

amounts of erosion. The reason for this was their unusu-

ally high reserves of soil organic matter and nutrients at 

the time of conversion to cropland.

Rapid decomposition of organic matter by organ-

isms usually occurs when a soil is intensively tilled. 

Incorporating residues with a moldboard plow, breaking 

aggregates	open,	and	fluffing	up	the	soil	allow	microor-

ganisms to work more rapidly. It’s something like open-

ing up the air intake on a wood stove, which lets in more 

oxygen	and	causes	the	fire	to	burn	hotter.	In	Vermont,	

we	found	a	20%	decrease	in	organic	matter	after	five	

years of growing corn on a clay soil that had previously 

been in sod for decades. In the Midwest, many soils lost 

50%	of	their	organic	matter	within	forty	years	of	begin-

ning cropping. Rapid loss of soil organic matter occurs 

in the early years because of the high initial amount of 

active (“dead”) organic matter available to microorgan-

isms. After much of the active portion is lost, the rate of 

loss slows and what remains is mainly the already well-

decomposed “passive” or “very dead” materials. With 

the current interest in 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 

plow–and–disk	tillage.	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, taking some of the 

organic matter deeper into the soil and creating chan-

nels	that	also	help	water	infiltrate	into	the	soil.	The	ben-

eficial	effects	of	minimizing	tillage	on	soil	organic	matter	

levels are often observed quickly at the soil surface; 

but deeper changes are much slower to develop, and 

depletion at depth is sometimes observed. In the upper 

Midwest	there	is	conflicting	evidence	as	to	whether	a	

long-term no-till approach results in greater accumula-

tion of soil organic matter (SOM) than a conventional 

tillage	system	when	the	full	profile	is	considered.	In	

contrast,	significant	increases	in	profile	SOM	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. SOM may decrease, 

then increase, then decrease, and so forth. While annual 

row crops under conventional moldboard-plow culti-

vation 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 mat-

ter 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	addi-

tion, different types of crops result in different quanti-

ties of residues being returned to the soil. When corn 

grain	is	harvested,	more	residues	are	left	in	the	field	

than after soybeans, wheat, potatoes, or lettuce har-

vests. Harvesting the same crop in different ways leaves 
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different amounts of residues. When corn grain is har-

vested,	more	residues	remain	in	the	field	than	when	the	

entire plant is harvested for silage or stover is used for 

purposes	like	bioenergy	(figure	3.4).

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 loss of 

topsoil, decreases decomposition of residues, and builds 

up organic matter by the extensive residue addition of 

plant roots.

Use of Synthetic Nitrogen Fertilizer
Fertilizing	very	nutrient-deficient	soils	usually	results	in	

greater	crop	yields.	A	fringe	benefit	of	this	is	a	greater	

amount of crop residue—roots, stems, and leaves—

resulting from larger and healthier plants. However, 

nitrogen fertilizer has commonly been applied at much 

higher rates than needed by plants, frequently by as 

much	as	50%.	Evidence	is	accumulating	that	having	

extra mineral nitrogen in soils actually helps organisms 

better decompose crop residues—resulting in decreased 

levels	of	soil	organic	matter.	(See	chapter	19	for	a	

detailed discussion of nitrogen management.) 

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

organic matter is to apply manures or other organic 

residues	generated	off	the	field.	A	study	in	Vermont	dur-

ing	the	1960s	and	1970s	found	that	between	20	and	30	

tons (wet weight, including straw or sawdust bedding) 
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Figure 3.3. Organic carbon changes when growing corn silage or alfalfa. 
Redrawn from Angers (1992).

Figure 3.4. Soil surface after harvest of corn silage or corn grain. Photos by Bill Jokela and Doug Karlen.

a) corn silage b) corn grain
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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—like bedded, 

liquid stored, digested, etc.—can produce very different 

effects on soil organic matter and nutrient availability. 

Manures differ in their initial composition and also 

are affected by how they are stored and handled in the 

field—for	example,	surface	applied	or	incorporated.

ORgANIc MATTER DISTRIbUTION IN SOIl
With Depth in the Soil
In general, more organic matter is present near the sur-

face	than	deeper	in	the	soil	(see	figure	3.5).	This	is	one	

of the main reasons that topsoils are more productive 

than subsoils exposed by erosion or mechanical removal 

of surface soil layers. 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 the crop’s shoots and leaves. But 

when the plant dies or sheds leaves or branches, depos-

iting 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 dis-

tribution of organic matter similar to that indicated in 

figure	3.5b.	Soils	of	the	tall-grass	prairies	have	a	deeper	

distribution	of	organic	matter	(see	figure	3.5c).	After	

cultivation of these soils for 50 years, far less organic 

matter	remains	(figure	3.5d).

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).

de
pt
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organic matter (%)

a) forest soil (litter layer on
top of mineral soil may be

30% or more organic)
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b) agricultural soil
(originally forest)

1 2 3 4

c) prairie soil

3 6 9 12

d) agricultural soil
(originally prairie)

3 6 9 12
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Organic Matter and Aggregates
Organic matter occurs outside of aggregates as living 

roots or larger organisms or pieces of residue from a 

past harvest. Some organic matter is even more inti-

mately 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. 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. This 

can sometimes protect them from their larger preda-

tors—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 dur-

ing 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 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). We don’t want 

just a lot of humus in soil, we also want a lot of active 

organic matter to provide nutrients and aggregating 

glues when it decomposes. It also supplies food to keep 

a diverse population of organisms present. As men-

tioned	earlier,	when	forest	or	grassland	soils	were	first	

cultivated, organic matter decreased rapidly. Almost 

the entire decline in organic matter was due to a loss of 

the active (“dead”) part of the organic matter. Although 

it decreases fastest when intensive tillage is used, the 

active portion increases relatively quickly when prac-

tices such as reduced tillage, 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	1/20	of	an	

inch 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	

mm	(1/250	of	an	inch)	in	diameter,	and	very	compacted	

soils that lost pores greater than that 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, 
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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 as their food sup-

plies 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—that need the large spaces 

in which to live.

HOW MUcH ORgANIc MATTER IS ENOUgH?
As	mentioned	earlier,	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 agri-

cultural 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. For example, to have an 

aggregation	similar	to	that	of	a	soil	with	16%	clay	and	

2%	organic	matter,	a	soil	with	close	to	50%	clay	may	

need	around	6%	organic	matter.

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 matter—

that helps maintain soil health by providing food for soil 

organisms and promoting the formation of soil aggre-

gates. A recently developed soil test that oxidizes part 

of the organic matter is thought to provide a measure of 

active carbon. It is more sensitive to soil management 

than total organic matter and is thereby an earlier indi-

cator for soil health improvement. Interpretation of the 

test is currently an active research area. (See chapter 22.)

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. 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 the poten-

tial for aggregation (which protects particles of organic 

matter)	is	limited,	as	are	the	fine	minerals	that	form	pro-

tective bonds with organic matter. Soil organic matter 

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 al-

ready, require more input than soils on level lands. 

—hans Jenny, 1980
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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 with respect to their texture 

and drainage condition.

When you change practices on a soil depleted in 

organic matter, perhaps one that has been intensively 

row-cropped for years and has lost a lot of its original 

aggregation, organic matter will increase slowly, as 

diagrammed	in	figure	3.6.	At	first	any	free	mineral	sur-

faces that are available for forming bonds with organic 

matter will form organic-mineral bonds. Small aggre-

gates will also form around particles of organic matter. 

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 fol-

lowed 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 organic matter (chemical bond-

ing sites on clays and physically protected sites inside 

small aggregates) are occupied, and only free particles of 

organic matter (POM) can accumulate. But because there 

is little protection for the free POM, it tends to decompose 

relatively rapidly under normal (oxydized) conditions.

When management practices are used that deplete 

organic	matter,	the	reverse	of	what	is	depicted	in	figure	3.6	

occurs. First free POM is depleted, and then as aggregates 

are broken down physically protected organic matter 

becomes available to decomposers. What usually remains 

after many years of soil-depleting practices is the organic 

matter that is tightly held by clay mineral particles.

Assuming that the same management pattern has 

occurred for many years, a fairly simple model can be 

used to estimate the percent of organic matter in a soil. 

It	allows	us	to	see	interesting	trends	that	reflect	the	real	

world. To use this model you need to assume reason-

able values for rates of addition of organic materials 

and SOM decomposition rates in the soil. Without going 

through the details (see the appendix, p. 34, for sample 

calculations), the estimated percent of organic matter in 

soils for various combinations of addition and decompo-

sition rates indicates some dramatic differences (table 

3.2). It takes about 5,000 pounds of organic residues 

added annually to a sandy loam soil (with an estimated 

decomposition	rate	of	3%	per	year)	to	result	eventually	
Figure 3.6. Organic matter changes in soil as practices favoring buildup 
are implemented. Redrawn and modified from Angers (1992).
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in	a	soil	with	1.7%	organic	matter.	On	the	other	hand,	

7,500 pounds of residues added annually to a well-

drained, coarse-textured soil (with a soil organic matter 

mineralization,	or	decomposition,	rate	of	5%	per	year)	

are	estimated	to	result	after	many	years	in	only	1.5%	soil	

organic matter.

Normally when organic matter is accumulating 

in soil, it will increase at the rate of tens to hundreds 

of pounds per acre per year—but keep in mind that 

the weight of organic material in 6 inches of soil that 

contains	1%	organic	matter	is	20,000	pounds.	Thus,	

the small annual changes, along with the great variation 

you	can	find	in	a	single	field,	means	that	it	usually	takes	

years to detect changes in the total amount of organic 

matter in a soil.

In	addition	to	the	final	amount	of	organic	matter	in	

a soil, the same simple equation used to calculate the 

information in table 3.2 can be used to estimate organic 

matter changes as they occur over a period of years 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.	Let’s	assume	that	

the residue remaining from the previous year behaves the 

same as the rest of the soil’s organic matter—in this case, 

decomposing	at	a	rate	of	3%	per	year.	As	we	mentioned	

above, with these assumptions, after many years a soil 

will	end	up	having	1.7%	organic	matter.	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	3.7a).	

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 it was a very depleted 

soil	and	the	additions	started	when	it	was	at	only	at	0.5%	

organic matter content, a lot of it might be bound to clay 

mineral surfaces and so help to form very small aggre-

gates—preserving more organic matter each year. In this 

case,	it	is	estimated	that	the	net	annual	gain	in	the	first	

decade	might	be	over	600	pounds	per	acre	(figure	3.7a).	

The soil organic matter content rises more quickly 

for	the	very	depleted	soil	(starting	at	0.5%	organic	mat-

ter)	than	for	the	1%	organic	matter	content	soil	(figure	

3.7b), because so much more organic matter can be 

stored in organo-mineral complexes and inside very 

small and medium-size aggregates. 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.

chAPter 3 aMount oF organiC Matter in soils

Table 3.2
Estimated Levels of Soil Organic Matter after Many Years with Various Rates of Decomposition (Mineralization) and Residue Additions*

Annual rate of SOM decomposition
(%)

Fine textured,  
poorly drained

Coarse textured,  
well drained

Annual organic  
material additions

Added to soil if 20%  
remains after one year 1 2 3 4 5

-----lbs per acre per year----- -----final % organic matter in soil -----

2,500 500 2.5 1.3 0.8 0.6 0.5

5,000 1,000 5.0 2.5 1.7 1.3 1.0

7,500 1,500 7.5 3.8 2.5 1.9 1.5

10,000 2,000 10.0 5.0 3.3 2.5 2.0

*Assumes upper 6 inches of soil weighs 2 million pounds.
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APPENDIx
Calculations for Table 3.2 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 materi-

als. 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)(A). For purposes 

of calculating the SOM percentage estimates in table 

3.2	we	have	assumed	that	20%	of	annual	residue	addi-

tions 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(SOM). The amount of organic matter that will remain 

in a soil under steady-state conditions can then be esti-

mated as follows:

Figure 3.7. 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 lbs 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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SOM	change	=	0	=	gains	–	k(SOM)				[equation	2]

Because in steady-state situations gains = losses, then 

gains = k(SOM), or

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 decomposi-

tion (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	degrad-

able following one year, then the gains at the end  

of	one	year	=	(5,000	lbs	per	acre)0.2	=	1,000	lbs	 

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 equals 

gains/k	=	1,000	lbs/0.03	=	33,333	lbs	of	organic	matter	

in an acre to 6 inches.

The	percent	SOM	=	100	(33,000	lbs	organic	mat-

ter/2,000,000 lbs soil).

The	percent	SOM	=	1.7%.
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Chapter 4

the living soil

The plow is one of the most ancient and most valuable of man’s inventions; but long before he existed the 

land was in fact regularly ploughed, and continues to be thus ploughed by earthworms.

—Charles darWin, 1881

When soil organisms and roots go about their 

normal functions of getting energy for growth from 

organic molecules, they “respire”—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. The soil is like a living being in another 

way, too—it may get “sick” in the sense that it becomes 

incapable of supporting healthy plants.

The organisms living in the soil, both large and 

small,	play	a	significant	role	in	maintaining	a	healthy	

soil system and healthy plants. One of the main reasons 

we are interested in these organisms is because of their 

role in breaking down organic residues and incorporat-

ing	them	into	the	soil.	Soil	organisms	influence	every	

aspect of decomposition and nutrient availability. As 

organic materials are decomposed, 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.

We classify soil organisms in several different ways. 

Each can be discussed separately or all organisms 

that do the same types of things can be discussed as a 

group. We also can look at soil organisms according 

to their role in the decomposition of organic materi-

als. For example, organisms that use fresh residues as 

their	source	of	food	are	called	primary	(1°),	or	first-

level,	consumers	of	organic	materials	(see	figure	4.1).	

Many of these primary consumers break down large 

pieces of residues into smaller fragments. Secondary 

(2°)	consumers	are	organisms	that	feed	on	the	primary	

consumers themselves or their waste products. 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 organ-

isms living in the soil. Some organisms help others, as 

when bacteria that live inside the earthworm’s digestive 
Photo by Jerry DeWitt
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1° = first-level consumers
2° = second-level consumers
3° = third-level consumers
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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 nema-

todes, and some fungi trap and kill nematodes. There 

are also fungi and bacteria that parasitize nematodes 

and completely digest their content.

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 

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 microor-

ganisms exist in topsoil, where food sources are plenti-

ful, than in subsoil. They are especially abundant in the 

area immediately next to plant roots (called the rhizo-

sphere), where sloughed-off cells and chemicals released 

Figure 4.1. Soil organisms and their role in decomposing residues. Modified from D.L. Dindal (1972). 
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by roots provide ready food sources. 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 (tox-

ins), 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 system of animals, in the ocean and 

fresh water, in compost piles (even at temperatures over 

130°F),	and	in	soils.	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 pH soils than in acid soils.

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 are also very helpful in providing nitrogen 

to plants, which they need in large amounts but is often 

deficient	in	agricultural	soils.	You	may	wonder	how	soils	

can	be	deficient	in	nitrogen	when	we	are	surrounded	

by	it—78%	of	the	air	we	breathe	is	composed	of	nitro-

gen gas. 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 (N2) for their nutrition. 

However, some types of bacteria are able to take nitro-

gen gas from the atmosphere and convert it into a form 

that plants can use to make amino acids and proteins. 

This conversion process is known as nitrogen fixation.

Some	nitrogen-fixing	bacteria	form	mutually	benefi-

cial associations with plants. One such symbiotic rela-

tionship that is very important to agriculture involves 

the	nitrogen-fixing	rhizobia	group	of	bacteria	that	live	

inside nodules formed on the roots of legumes. These 

bacteria provide nitrogen in a form that leguminous 

plants can use, while the legume provides the bacteria 

with sugars for energy.

People eat some legumes or their products, such 

as peas, dry beans, and tofu made from soybeans. 

Soybeans, alfalfa, and clover are used for animal feed. 

Clovers	and	hairy	vetch	are	grown	as	cover	crops	to	

enrich the soil with organic matter, as well as nitrogen, 

for	the	following	crop.	In	an	alfalfa	field,	the	bacteria	

may	fix	hundreds	of	pounds	of	nitrogen	per	acre	each	

reLAtIve AMounts of bActerIA And funGI
All soils contain both bacteria and fungi, but they may have different relative amounts depending on soil conditions. The general 

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 higher levels of bacteria than fungi. So do flooded rice soils, because fungi can’t live without oxygen, 

while many species of bacteria can. 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, little is known about the agricultural significance of bacteria- versus fungal-dominated soil 

microbial communities, except that bacteria-prevalent soils are more characteristic of more intensively tilled soils that tend to 

also have high nutrient availability and enhanced nutrient levels as a result of more rapid organic matter decomposition.
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year.	With	peas,	the	amount	of	nitrogen	fixed	is	much	

lower, around 30 to 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 

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.

Fungi
Fungi are another type of soil microorganism. Yeast is a 

fungus used in baking and in the production of alcohol. 

Other fungi produce a number of antibiotics. We have 

all probably let a loaf of bread sit around too long only to 

find	fungus	growing	on	it.	We	have	seen	or	eaten	mush-

rooms, the fruiting structures of some fungi. Farmers 

know that fungi 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. Low soil disturbance 

resulting from reduced tillage systems tends to promote 

organic residue accumulation at and near the surface. 

This tends to promote fungal growth, as happens in 

many natural undisturbed ecosystems.

Many	plants	develop	a	beneficial	relationship	with	

fungi that increases the contact of roots with the soil. 

Fungi infect the roots and send out rootlike structures 

called hyphae	(see	figure	4.2).	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 espe-

cially important for phosphorus nutrition of plants in 

low-phosphorus soils. The hyphae help the plant absorb 

water and nutrients, and 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 

Figure 4.2. Root heavily infected with mycorrhizal fungi (note round 
spores at the end of some hyphae). Photo by Sara Wright.

MYcorrhIzAL funGI
Mycorrhizal fungi help plants take up water and 

nutrients, improve nitrogen fixation by legumes, and 

help to form and stabilize soil aggregates. Crop rotations 

select for more types of and better performing fungi 

than does mono cropping. Some studies indicate that 

using cover crops, especially legumes, between main 

crops helps maintain high levels of spores and promotes 

good mycorrhizal development in the next crop. Roots 

that have lots of mycorrhizae are better able to resist 

fungal diseases, parasitic nematodes, drought, salinity, 

and aluminum toxicity. Mycorrhizal associations have 

been shown to stimulate the free-living nitrogen-fixing 

bacteria azotobacter, which in turn also produce plant 

growth–stimulating chemicals.
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interdependency between fungi and roots is called a 

mycorrhizal relationship. All things considered, it’s a 

pretty good deal for both the plant and the fungus. The 

hyphae of these fungi help develop and stabilize larger 

soil aggregates by secreting a sticky gel that glues min-

eral and organic particles together.

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 ben-

eficial	relationships	with	other	organisms.	Lichens	found	

on rocks are an association between a fungus and an alga.

Protozoa
Protozoa are single-celled animals that use a variety  

of means to move about in the soil. Like bacteria and 

many fungi, they can be seen only with the help of a 

microscope. They are mainly secondary consumers of 

organic materials, feeding on bacteria, fungi, other  

protozoa, and organic molecules dissolved in the soil 

water. Protozoa—through their grazing on nitrogen- 

rich organisms and excreting wastes—are believed to  

be responsible for mineralizing (releasing nutrients  

from organic molecules) much of the nitrogen in 

agricultural soils.

SMAll AND MEDIUM-SIZE SOIl ANIMAlS
Nematodes
Nematodes are simple multicellular soil animals that 

resemble tiny worms but are nonsegmented. They 

tend	to	live	in	the	water	films	around	soil	aggregates.	

Some types of nematodes feed on plant roots and are 

well-known plant pests. Fungi such as Pythium and 

Fusarium, which may enter nematode-feeding wounds 

on the root, sometimes cause greater disease severity 

and more damage than the nematode itself. A number 

of plant-parasitic nematodes vector important and 

damaging plant viruses of various crops. However, there 

are	many	beneficial	nematodes	that	help	in	the	break-

down of organic residues and feed on fungi, bacteria, 

and protozoa as secondary 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	ani-

mals and humans, causing serious diseases such as river 

blindness and heartworm.

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, 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. Worm casts are generally 

higher in available plant nutrients, such as nitrogen, 

calcium, magnesium, and phosphorus, than the sur-

rounding soil and, therefore, contribute to the nutrient 

needs of plants. They 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 
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surface-feeding night crawler, make burrows that allow 

rainfall	to	easily	infiltrate	the	soil.	These	worms	usually	

burrow to 3 feet or more, unless the soil is saturated 

or very hard. Even those types of worms that don’t 

normally produce channels to the surface 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 

a	million	per	acre.	Just	imagine,	if	you	create	the	proper	

conditions	for	earthworms,	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 bringing up 

subsoil and mixing it with organic residues.

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 usu-

ally more plentiful under no-till practices than under 

conventional tillage systems. Although many 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—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	European	introduction	has	caused	problems	

in	some	northern	forests.	As	fishermen	have	discarded	

unused worms near forest lakes, night crawlers have 

become adapted to the forests. They have in some 

cases reduced the forest litter layer almost completely, 

accelerating nutrient cycling and changing species com-

position of the understory vegetation. So some forest 

managers view this organism, considered so positively 

by farmers, as a pest!

Insects and Other Small to Large Soil Animals 
Insects are another group of animals that inhabit soils. 

Common	types	of	soil	insects	include	termites,	spring-

tails,	ants,	fly	larvae,	and	beetles.	Many	insects	are	

secondary and tertiary consumers. Springtails feed on 

fungi and animal remains, and in turn they themselves 

are food for predacious mites. Many beetles, in particu-

lar, eat other types of soil animals. Some beetles feed 

on weed seeds in the soil. Termites, well-known feeders 

of woody material, also consume decomposed organic 

residues in the soil.

Other medium-size to large soil animals include 

millipedes, centipedes, mites, slugs, snails, and spiders. 

Millipedes are primary consumers of plant residues, 

whereas centipedes tend to feed on other organisms. 

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.

VERY lARgE SOIl ANIMAlS
Very large soil animals, such as moles, rabbits, wood-

chucks, 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 consisting 

mainly of earthworms. Most of the other animals exist 

on vegetation. In many cases, their presence is consid-

ered a nuisance for agricultural production or lawns and 
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gardens. Nevertheless, their burrows may help conduct 

water away from the surface during downpours and thus 

decrease erosion. In the southern U.S., the burrowing 

action	of	crawfish,	abundant	in	many	somewhat	poorly	

drained soils, can have a large effect on soil structure. 

(In	Texas	and	Louisiana,	some	rice	fields	are	“rotated”	

with	crawfish	production.)

PlANT ROOTS
Healthy plant roots are essential for good crop yields. 

Roots	are	clearly	influenced	by	the	soil	in	which	they	

live and are good indicators of soil quality. If the soil 

is compact, is low in nutrients or water, includes high 

populations of root pathogens, or has other problems, 

plants will not grow well. On the other hand, plants also 

influence	the	soil	in	which	they	grow.	The	physical	pres-

sure 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 espe-

cially 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—also 

enhancing nutrient availability to the plant. A sticky 

layer surrounding roots, called the mucigel, provides 

close contact between microorganisms, soil minerals, 

and	the	plant	(figure	4.3).	Plant	roots	also	contribute	

greatly to organic matter accumulation. They are usu-

ally 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 weigh more than the amount of leaves and 

stems we see above ground.

bIOlOgIcAl DIVERSITY, AbUNDANcE, 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 

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 

Figure 4.3. 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. 
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is	estimated	that	there	are	from	100	million	to	1	billion	

bacteria, several yards of fungi, and several thousand pro-

tozoa.	It	may	hold	10	to	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.

Of all the organisms in soils, only a small number of 

bacteria, fungi, insects, and nematodes might harm plants 

in any given year. Diverse populations 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 bacte-

ria. 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 organ-

isms. Some of these organisms, isolated from soils, are 

now sold commercially as biological control agents. 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 communi-

ties with numerous interactions.

Soil management can have dramatic effects on soil 

biological	composition	(see	figure	4.4	for	manage-

ment effects on organisms). For example, the less a soil 

is disturbed by tillage, the greater the importance of 

fungi relative to bacteria. Thus, promotion of cropping 

practices that encourage abundance and diversity of soil 

organisms	encourages	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. 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-release fertility.

SUMMARY
Soils are alive with a fantastic number of many types of 

organisms, most of which help to 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 

Figure 4.4. Management practices that influence soil life. Modified from 
Kennedy, Stubbs, and Schillinger (2004). 
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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 distur-

bance, the complex food web that exists helps to maintain 

a self-regulation of organisms as bacteria and protozoa 

eat bacteria and some fungi, nematodes eat bacteria and 

fungi (as well as other nematodes and plant roots), fungi 

eat nematodes, and so on up the food web. We should be 

trying to use management practices that promote a thriv-

ing and diverse population of soil organisms.
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Chapter 5

soil PartiCles, Water, and air

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

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

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

—J.l. hills, C.h. Jones, and C. Cutler, 1908

The physical condition of a soil has a lot to do with 

its ability to produce crops. A degraded soil usually has 

reduced	water	infiltration	and	percolation	(drainage	into	

the subsoil), aeration, and root growth. These conditions 

reduce the ability of the soil to supply nutrients, render 

harmless many hazardous compounds (such as pesti-

cides), and maintain a wide diversity of soil organisms. 

Small 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 

building and maintaining healthy soils, requires atten-

tion and care.

Let’s	first	consider	the	physical	nature	of	a	typical	

mineral	soil.	It	usually	contains	about	50%	solid	par-

ticles	and	50%	pores	on	a	volume	basis	(figure	5.1).	We	

discussed earlier how organic matter is only a small, but 

a very important, component of the soil. The rest of a 

soil’s 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 and changes little over time. 

Figure 5.1. Distribution of solids and pores in soil.
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The	textural	class	(figure	5.2)	is	defined	by	the	relative	

amounts of sand (0.05 to 2 mm particle size), silt (0.002 

to 0.05 mm), and clay (less than 0.002 mm). Particles 

that are larger than 2 mm 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 skel-

eton. But the spaces (pores) between the particles and 

between aggregates are just as important as the sizes of 

the particles themselves. The total amount of pore space 

and the relative quantity of variously sized pores—large, 

medium, small, and very small—govern the important 

processes of water and air movement. Soil organisms 

live and function in pores, which is also where plant 

roots grow. Most pores in clay are small (generally less 

than 0.002 mm), whereas most pores in sandy soil are 

large (but generally still smaller than 2 mm).

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 man-

agement practices—aggregation and structure may be 

destroyed or improved.

WATER AND AERATION
Soil	pore	space	can	be	filled	with	either	water	or	air,	and	

their relative amounts change as the soil wets and dries 

(figures	5.1,	5.3).	When	all	pores	are	filled	with	water,	

the soil is saturated, and the exchange of soil gases with 

atmospheric gases is very slow. During these conditions, 

carbon dioxide produced by respiring roots and soil 

organisms can’t escape from the soil and atmospheric 

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 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	

water also has a tendency to stay in a soil pore because 

it	is	attracted	to	a	solid	surface	and	has	a	strong	affin-

ity for other water molecules. The latter are the same 

forces that keep water drops adhering to glass surfaces, 

Figure 5.2. The percentages of sand, silt, and clay in the soil textural 
classes. From USDA-NRCS. 
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and	their	effect	is	stronger	in	small	pores	(figure	5.3)	

because of the closer contact with solids. Soils are 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, which would, of course, come out if you 

squeezed it. The remaining water is in the smaller pores, 

which hold it more tightly. The sponge’s condition 

following	free	drainage	is	akin	to	a	soil	reaching	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, it loses a lot of water through 

quick gravitational drainage. 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. 

Coarse	sandy	soils	have	very	small	amounts	of	water	

available to plants before they reach their wilting point 

(figure	5.4a).	On	the	other	hand,	a	dense,	fine-textured	

soil, such as a compacted clay loam, has mainly small 

pores, which tightly retain water and don’t release it 

as	gravitational	drainage	(figure	

5.4b). In this case, the soil has more 

plant-available water than a coarse 

sand, but plants will suffer from long 

periods of poor aeration following 

saturating rains.

These different effects of vari-

ous pore sizes have great impacts: 

Leaching of pesticides and nitrates 

to groundwater is controlled by the 

relative amounts of different sizes 

of pores. The rapidly draining sands 

may more readily lose these chemi-

cals in the percolating water, but this 

is	much	less	of	a	problem	with	fine	loams	and	clays.	

For the latter, the more common anaerobic conditions 

resulting from extended saturated conditions cause 

other problems, like gaseous nitrogen losses through 

denitrification,	as	we	will	discuss	in	chapter	19.	

The ideal soil is somewhere between the two 
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Figure 5.4. Water storage for three soils. 
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extremes, and its behavior is typical of that exhibited by 

a	well-aggregated	loam	soil	(figures	5.4c,	5.5).	Such	a	

soil	has	a	sufficient	amount	of	large	pore	spaces	between	

the aggregates to provide adequate drainage and aera-

tion during wet periods, but also has enough small pores 

and water-holding 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	infiltra-

tion, thereby increasing plant water availability and 

reducing runoff and erosion. This ideal soil condition is 

therefore characterized by 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 in the soil may be 

available, but roots also need to be able to access 

it, along with the nutrients contained in the water. 

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	

held	sufficient	water,	which	was	in	principle	available	

to the corn plant, but the roots were unable to penetrate 

most of the hard soil. The corn plant, therefore, could 

not obtain the moisture it needed. The corn roots on 

the	right	(figure	5.6)	were	able	to	fully	explore	the	soil	

volume	with	many	roots,	fine	laterals,	and	root	hairs,	

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. 

The roots could not penetrate into the subsoil and were 

therefore limited to water and nutrients in the plow 

layer. The corn on the left was grown in soil that had 

been subsoiled, and the roots were able to reach about 

twice the depth. Subsoiling opened up more soil for 
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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. 

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. 
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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 tex-

ture, aggregation, and organic matter) 

and potential rooting volume, which is 

influenced	by	compaction.

INFIlTRATION VS. 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 some may run off the surface, and 

some may stand in ruts or depressions 

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, structure, and moisture content at the start 

of the rain.

Early in a storm, water usually enters a soil readily, 

as it is literally sucked into the dry ground. As the soil 

wets up during a continuing intense storm, water entry 

into the soil is reduced and a portion of rainfall begins 

to run downhill over the surface to a nearby stream or 

wetland.	The	ability	of	a	soil	to	maintain	high	infiltra-

tion rates, even when saturated, is related to the sizes 

of its pores. Since sandy and gravelly soils have more 

large	pores	than	do	fine	loams	and	clays,	they	maintain	

better	infiltration	during	a	storm.	But	soil	texture	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.

When	rainfall	exceeds	a	soil’s	infiltration	capac-

ity, runoff is produced. 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 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	
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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, making 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 little pore water left to 

hold the particles together. The soil then becomes loose 

and	susceptible	to	wind	erosion	(figure	5.10,	right).

 Strong aggregation is especially important during 

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 surface residue and lack of 

tillage. Also, a continuous supply of organic materials, 

roots of living plants, and mycorrhizal fungi hyphae are 

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. On the other 

hand, an unprotected soil may experience very high 

soil temperatures at the surface and become extremely 

dry. Worms and insects will then move deeper into the 

bare soil, resulting 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,	slow-

ing 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 
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Figure 5.9. Saturated soil is soft, easily dispersed by raindrop impact, and 
readily eroded. Photo by USDA-NRCS.

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). 
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matter to maintain a healthy food chain. An absence of 

both erosion and compaction processes also helps main-

tain 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. 

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, arid vs. humid climate); the 

seasonal distribution and relation to the growing season 

(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 short-

ages of water at some time during the growing season, 

which	remains	the	most	significant	yield-limiting	factor	

worldwide. Water excess can also be a big problem, 

especially in humid regions or monsoonal tropics. The 

main problem, however, is not the excess water itself, 

but the lack of air exchange and oxygen. Many manage-

ment practices focus on limiting the effects of these cli-

matic	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 soils are important to 

reducing susceptibility to climatic vagaries and making 

the soil more resilient to weather extremes. The Great 

Plains area of the United States learned this during the 

Dust	Bowl	era	of	the	1930s	(figure	5.12),	when	a	decade	

of drought and unsustainable soil management practices 

resulted in excessive wind and water erosion, crop fail-

ures, the collapse of the agricultural industry, and mas-

sive human migrations out of the region. That devastating 

experience gave birth to the soil conservation movement, 

which has achieved much; but most soils, even in the 

U.S., are still in need of protection from erosion.

chAPter 5 soil PartiCles, Water, and air

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

Figure 5.12. Drought and poor soil health created wind and water erosion 
during the Dust Bowl. Photo by USDA. 
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Chapter 6

soil degradation: erosion, CoMPaCtion,  
and ContaMination

Hard ground makes too great resistance, as air makes too little resistance, to the surfaces of roots.

—Jethro tull, 1733

EROSION
Soil loss during agricultural production is mainly  

caused by water, wind, and tillage. Additionally,  

landslides (gravitational erosion) may occur on very 

steep slopes. While water erosion and landslides occur 

under extremely wet soil conditions, wind erosion is 

a concern with very dry soil. Tillage erosion occurs on 

fields	that	are	either	steep	or	have	undulating	topog-

raphy and is not affected by soil moisture conditions, 

because the soil movement downslope is caused by  

the action of farm implements.

Erosion is the result of the combination of an erosive 

force (water, wind, or gravity), a susceptible soil, and 

several other management- or landscape-related factors. 

A soil’s inherent susceptibility to erosion (its erodibil-

ity) is primarily a function of its texture (generally, silts 

more than sands and clays), its aggregation (the strength 

and size of aggregates, which are related to the amount 

of organic matter), and soil water conditions. Many 

management practices can reduce soil erosion, although 

different types of erosion have different solutions.

Water Erosion
Water erosion occurs on bare, sloping land when intense 

rainfall	rates	exceed	a	soil’s	infiltration	capacity	and	

runoff begins. The water concentrates into tiny stream-

lets, which detach the saturated soil and transport the 

particles downhill. Runoff water gains more energy as 

it moves down the slope, scouring away more soil and 

also carrying more agricultural chemicals and nutrients, 

which	end	up	in	streams,	lakes,	and	estuaries	(figure	

6.1).	Reduced	soil	health	in	many	of	our	agricultural	and	

urban watersheds has resulted in increased runoff dur-

ing	intense	rainfall	and	increased	problems	with	flood-

ing.	Also,	the	lower	infiltration	capacity	of	degraded	soils	

reduces the amount of water that is available to plants, 

as well as the amount that percolates through the soil 

into underground aquifers. This reduction in under-

ground water recharge results in streams drying up 

during drought periods. Watersheds with degraded soils 

thus	experience	lower	stream	flow	during	dry	seasons	

and	increased	flooding	during	times	of	high	rainfall.

Soil erosion is of greatest concern when the surface 
Photo by Jerry DeWitt
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is unprotected and directly exposed to the destruc-

tive	energy	of	raindrops	and	wind	(figure	6.1).	While	

degraded soils tend to promote erosion, the process of 

erosion in turn leads to a decrease in soil quality. Thus, 

a vicious cycle is begun in which erosion degrades soils, 

which then leads to further susceptibility to erosion, and 

so on. Soil is degraded because the best soil material—

the surface layer enriched in organic matter—is removed 

by erosion. Erosion also selectively removes the more 

easily	transported	finer	soil	particles.	Severely	eroded	

soils, therefore, become low in organic matter and 

have less favorable physical, chemical, and biological 

characteristics, leading to a reduced ability to sustain 

crops and increased potential for harmful environmen-

tal impacts.

Wind Erosion
The picture of wind erosion from the Dust Bowl era 

(figure	5.12,	p.	55)	provides	a	graphic	illustration	of	

land degradation. Wind erosion can occur when soil 

is dry and loose, the surface is bare and smooth, and 

the landscape has few physical barriers to wind. The 

wind tends to roll and sweep larger soil particles along 

the soil surface, which will dislodge other soil particles 

chAPter 6 soil degradation: erosion, CoMPaCtion, and ContaMination

Figure 6.1. Left: Water erosion on clean-tilled soil in Bulgaria. Topsoil has been lost in the background field. Right: A stream in Guarico, Venezuela, 
contaminated with dispersed sediment. 

 

soIL And WAter conservAtIon In hIstorIcAL tIMes
Some ancient farming civilizations recognized soil erosion as a problem and developed effec-

tive methods for runoff and erosion control. Ancient terracing practices are apparent in vari-

ous parts of the world, notably in the Andean region of South America and in Southeast Asia. 

Other cultures effectively controlled erosion using mulching and intercropping that protected 

the soil surface. Some ancient desert civilizations, such as the Anasazi in the southwestern U.S. 

(A.D. 600 to 1200), held back and distributed runoff water with check dams to grow crops in 

downhill depressions (see the picture of a now forested site). Their methods, however, were 

specific to very dry conditions. For most agricultural areas of the world today, erosion still causes extensive damage (including 

the spread of deserts) and remains the greatest threat to agricultural sustainability and water quality. 
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and increase overall soil detachment. The smaller soil 

particles	(very	fine	sand	and	silt)	are	lighter	and	will	

go into suspension. They can be transported over great 

distances, sometimes across continents and oceans. 

Wind erosion affects soil quality through the loss of 

topsoil rich in organic matter and can cause crop dam-

age	from	abrasion	(figure	6.2).	In	addition,	wind	erosion	

affects air quality, which is a serious concern for nearby 

communities.

The ability of wind to erode a soil depends on how 

that soil has been managed, because strong aggregation 

makes it less susceptible to dispersion and transpor-

tation. In addition, many soil-building practices like 

mulching and the use of cover crops protect the soil 

surface from both wind and water erosion.

Landslides
Landslides occur on steep slopes when the soils have 

become supersaturated from prolonged rains. They are 

especially of concern in places where high population 

pressure	has	resulted	in	farming	of	steep	hillsides	(figure	

6.3). The sustained rains saturate the soil (especially 

in landscape positions that receive water from upslope 

areas). This has two effects: It increases the weight of 

the	soil	mass	(all	pores	are	filled	with	water),	and	it	

decreases the cohesion of the soil (see the compaction of 

wet	soil	in	figure	6.10,	right,	p.	64)	and	thereby	its	ability	

to resist the force of gravity. Agricultural areas are more 

susceptible than forests because they lack large, deep 

tree roots that can hold soil material together. Pastures 

on steep lands, common in many mountainous areas, 

typically have shallow-rooted grasses and may also 

experience slumping. With certain soil types, landslides 

may	becomes	liquefied	and	turn	into	mudslides.

Tillage Erosion
Tillage degrades land even beyond promoting water and 

wind erosion by breaking down aggregates and exposing 

soil to the elements. It can also cause erosion by directly 

moving	soil	down	the	slope	to	lower	areas	of	the	field.	In	

complex	topographies—such	as	seen	in	figure	6.4—till-

age erosion ultimately removes surface soil from knolls 

and deposits it in depressions (swales) at the bottom 

of slopes. What causes tillage erosion? Gravity causes 

more soil to be moved by the plow or harrow downslope 

than upslope. Soil is thrown farther downslope when 

tilling in the downslope direction than is thrown uphill 

when	tilling	in	the	upslope	direction	(figure	6.5a).	

chAPter 6 soil degradation: erosion, CoMPaCtion, and ContaMination

Figure 6.2. Wind erosion damaged young wheat plants through abrasion. 
Photo by USDA Wind Erosion Research Unit.

Figure 6.3. Sustained rains from Hurricane Mitch in 1998 caused super-
saturated soils and landslides in Central America. Photo by Benjamin 
Zaitchik.
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Downslope tillage typically occurs at greater speed than 

when traveling uphill, making the situation even worse. 

Tillage along the contour also results in downslope soil 

movement. Soil lifted by a tillage tool comes to rest at 

a	slightly	lower	position	on	the	slope	(figure	6.5b).	A	

more serious situation occurs when using a moldboard 

plow along the contour. Moldboard plowing is typically 

performed by throwing the soil down the slope, as better 

inversion is thus obtained than by trying to turn the fur-

row	up	the	slope	(figure	6.5c).	One	unique	feature	of	till-

age erosion compared to wind, water, and gravitational 

erosion is that it is unrelated to extreme weather events 

and occurs gradually with every tillage operation.

Soil loss from slopes due to tillage erosion enhances 

the potential for further soil losses from water or wind 

erosion. On the other hand, tillage erosion does not 

generally result in off-site damage, because the soil is 

merely moved from higher to lower positions within a 

field.	However,	it	is	another	reason	to	reduce	tillage	on	

sloping	fields.

SOIl TIlTH AND cOMPAcTION
A soil becomes more compact, or dense, when aggregates 

or individual particles of soil are forced closer together. 

Soil compaction has various causes and different visible 

effects.	Compaction	can	occur	either	at	or	near	the	surface	

(surface compaction, which includes surface crusting as 

well as plow layer compaction) or lower down in the soil 

(subsoil	compaction).	See	figure	6.6.

Surface Compaction
Plow layer compaction—compaction of the surface 

layer—has probably occurred to some extent in all 

intensively worked agricultural soils. It is the result of a 

loss of soil aggregation that typically has three primary 

causes—erosion, reduced organic matter levels, and 

force	exerted	by	the	weight	of	field	equipment.	The	first	

two result in reduced supplies of sticky binding materi-

als and a subsequent loss of aggregation.

Surface crusting has the same causes as plow layer 

compaction	but	specifically	occurs	when	the	soil	surface	

is unprotected by crop residue or a plant canopy and the 

energy of raindrops disperses wet aggregates, pound-

ing them apart so that particles settle into a thin, dense 

surface	layer.	The	sealing	of	the	soil	reduces	water	infil-

tration, and the surface forms a hard crust when dried. 

If the crusting occurs soon after planting, it may delay 

or prevent seedling emergence. Even when the crust is 

not severe enough to limit germination, it can reduce 

water	infiltration.	Soils	with	surface	crusts	are	prone	to	

chAPter 6 soil degradation: erosion, CoMPaCtion, and ContaMination

Figure 6.4. Effects of tillage erosion on soils. Photo by USDA-NRCS. 

Figure 6.5. Three causes of erosion resulting from tilling soils on slopes. 

region of soil loss    

a) up-and-downhill tillage

b) tillage (chisel, disc, etc.) 
along contour

c) plowing along contour, 
throwing furrow downhill

region of soil
accumulation 
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high rates of runoff and erosion. You can reduce surface 

crusting by leaving more residue on the surface and 

maintaining strong soil aggregation.

Compaction	of	soils	by	heavy	equipment	and	tillage	

tools is especially damaging when soils are wet. This 

combination of factors is the primary cause for sub-

soil compaction and one of the causes for plow layer 

compaction. To understand this, we need to know a little 

about soil consistence, or how soil reacts to external 

forces. At very high water contents, a soil may behave 

like	a	liquid	(figure	6.7),	because	it	has	little	internal	

cohesion	(figure	5.10,	left,	p.	54).	On	a	slope	it	can	sim-

ply	flow	as	a	result	of	the	force	of	gravity—as	with	mud-

slides during excessively wet periods. At slightly lower 

water	contents,	soil	has	somewhat	more	cohesion	(figure	

5.10,	middle,	p.	54),	but	it	can	still	be	easily	molded	and	

is said to be plastic (figure	6.7).	Upon	further	drying,	the	

soil will become friable—it will break apart rather than 

mold	under	pressure	(figure	6.7).

The point between plastic and friable soil, the plastic 

limit, has important agricultural implications. When 

a soil is wetter than the plastic limit, it may become 

seriously compacted if tilled or traveled on, because soil 

aggregates are pushed together into a smeared, dense 

mass. This compaction may be observed when you see 

shiny,	cloddy	furrows	or	deep	tire	ruts	in	a	field	(figure	

6.8).	When	the	soil	is	friable	(the	water	content	is	below	

the plastic limit), it crumbles when tilled and aggregates 

resist	compaction	by	field	traffic.	Thus,	the	potential	for	

compaction	is	strongly	influenced	by	the	timing	of	field	

chAPter 6 soil degradation: erosion, CoMPaCtion, and ContaMination

Figure 6.6. Plants growing in (a) soil with good tilth and (b) soil with all three types of compaction.
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Figure 6.7. Soil consistency states for a sand and a clay soil (friable soil is 
best for tillage).
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operations as related to soil moisture conditions.

A soil’s consistency is strongly affected by its texture 

(figure	6.7).	For	example,	as	coarse-textured	sandy	soils	

drain, they rapidly change from being plastic to friable. 

Fine-textured loams and clays need longer drying periods 

to lose enough water to become friable. This extra drying 

time	may	cause	delays	when	scheduling	field	operations.

Surface crusting and plow layer compaction are 

especially common with intensively tilled soils. Tillage 

operations  often become part of a vicious cycle in which 

a	compacted	soil	tills	up	very	cloddy	(figure	6.9a),	and	

then requires extensive secondary tillage and pack-

ing	trips	to	create	a	satisfactory	seedbed	(figure	6.9b).	

Natural aggregates break down, and organic matter 

decomposes in the process—contributing to more com-

paction	in	the	future.	Although	the	final	seedbed	may	be	

ideal at the time of planting, rainfall shortly after plant-

ing	may	cause	surface	sealing	and	further	settling	(figure	

6.9c),	because	few	sturdy	aggregates	are	present	to	

prevent the soil from dispersing. The result may be a soil 

with a dense plow layer and a crust at the surface. Some 

soils may hard-set like cement, even after the slightest 

drying, thereby slowing plant growth. Although the soil 

becomes softer when it re-wets, that moisture provides 

only temporary relief to plants.

Subsoil Compaction
Subsoil compaction—dense soil below the normally 

tilled surface layer—is usually referred to as a plow pan, 

although it is commonly caused by more than just plow-

ing. Subsoil is easily compacted, because it is usually 

wetter, denser, higher in clay content, lower in organic 

matter, and less aggregated than topsoil. Also, subsoil 

is not loosened by regular tillage and cannot easily be 

amended with additions of organic materials, so com-

paction	in	the	subsoil	is	more	difficult	to	manage.

Subsoil compaction is the result of either direct load-

ing or the transfer of compaction forces from the surface 

into deeper layers. Subsoil compaction occurs when 

farmers run heavy vehicles with poor weight distribu-

tion. The load exerted on the surface is transferred into 

the	soil	along	a	cone-shaped	pattern	(figure	6.10,	p.	64).	

With increasing depth, the compaction force is distrib-

uted over a larger area, thereby reducing the pressure in 

deeper layers. When the loading force at the surface is 

small,	say	through	foot	or	hoof	traffic	or	a	light	tractor,	

the pressure exerted below the plow layer is minimal. 

But when the load is high from heavy equipment, the 

pressures	at	depth	are	sufficient	to	cause	considerable	

soil compaction. When the soil is wet, the force causing 

compaction near the surface is more easily transferred 

to	the	subsoil.	Clearly,	the	most	severe	compaction	

chAPter 6 soil degradation: erosion, CoMPaCtion, and ContaMination

checK before tILLInG
To be sure that a soil is ready for equipment use, you can do the simple “ball test” by taking a handful of soil from the 

lower part of the plow layer and trying to make a ball out of it. If it molds easily and sticks together, the soil is too wet. If it 

crumbles readily, it is sufficiently dry for tillage or heavy traffic.

Figure 6.8. Deep tire ruts in a hay field following harvest when soil was 
wet and plastic.
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damage to subsoils occurs with the combination of  

heavy	vehicle	traffic	and	wet	soil	conditions.

Direct loading is also caused by the pressure of a 

tillage implement, especially a plow or disk, pressing 

on the soil below. Plows cause compaction because the 

weight of the plow plus the lifting of the furrow slices 

results in strong downward forces. Disks have much of 

their weight concentrated at the bottom of the disk and 

thereby cause pans. Subsoil compaction may also occur 

during moldboard plowing when a set of tractor wheels 

is placed in the open furrow, thereby applying wheel 

pressure directly to the soil below the plow layer.

cONSEQUENcES OF cOMPAcTION
As compaction pushes particles closer together, the 

soil becomes dense and pore space is lost. Notably, 

the larger pores are eliminated. Loss of aggregation 

from	compaction	is	particularly	harmful	for	fine-	and	

medium-textured soils that depend on those pores for 

good	infiltration	and	percolation	of	water,	as	well	as	air	

exchange with the atmosphere. Although compaction 

can also damage coarse-textured soils, the impact is less 

severe. They depend less on aggregation, because the 

pores	between	individual	particles	are	sufficiently	large	

to allow good water and air movement.

Compacted	soil	becomes	hard	when	it	dries,	as	it	

has many small pores that can hold water under high 

suction and pull particles tightly together. This can 

restrict root growth and the activity of soil organisms. 

Compacted	soils	typically	have	greater	resistance	to	

penetration at a given soil moisture level than a well-

structured	soil	(figure	6.11,	p.	65),	which	has	large	pores	

between aggregates that therefore easily pull apart. 

The resistance to penetration for a moist, high-quality 

soil is usually well below the critical level where root 

growth ceases for most crops—300 pounds per square 

inch (psi). As the soil dries, its strength increases, but 

a high-quality soil may not exceed the critical level for 

most (or all) of the moisture range. A compacted soil, on 

chAPter 6 soil degradation: erosion, CoMPaCtion, and ContaMination

 
c) Stage 3: Raindrops disperse soil aggregates, forming a surface crust.

Figure 6.9. Three stages of tilth for a compacted soil that has become 
addicted to tillage.

b) Stage 2: Soil is packed and pulverized to make a fine seedbed.

a) Stage 1: Cloddy soil after tillage makes for a poor seedbed.
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the other hand, has a very narrow water content range 

for good root growth. The soil has increased resistance to 

penetration even in the wet range (the soil is hard). When 

it dries, a compacted soil hardens quicker than a well-

structured soil, rapidly becoming so hard that it is well 

above the critical 300-psi level that restricts root growth.

Actively growing roots need large pores with diame-

ters	greater	than	about	0.1	mm,	the	size	of	most	root	tips.	

Roots must enter the pore and anchor themselves before 

continuing	growth.	Compacted	soils	that	have	few	or	no	

large pores don’t allow plants to be effectively rooted—

thus limiting water and nutrient uptake.

What happens when root growth 

is limited? The root system will prob-

ably develop short, thick roots and few 

fine	roots	or	root	hairs	(figure	6.6).	The	

few	thick	roots	may	be	able	to	find	some	

weak zones in the soil, often by following 

crooked patterns. These roots have thick-

ened	tissue	and	are	not	efficient	at	taking	

up water and nutrients. In many cases, 

roots in degraded soils do not grow below the tilled 

layer	into	the	subsoil	(see	figure	6.6)—it’s	just	too	dense	

and hard for them to grow. Deeper root penetration is 

especially critical under rain-fed agriculture. The limita-

tion on deep root growth by subsoil compaction reduces 

the volume of soil from which plant roots can extract 

water and increases the probability of yield losses from 

drought stress.

There is also a more direct effect on plant growth, 

beyond the reduced soil volume for roots to explore. A 

root system that’s up against mechanical barriers sends a 

hormonal signal to the plant shoot, which then slows down 

respiration and growth. This plant response appears to 

be a natural survival mechanism similar to what occurs 

when plants experience water stress. In fact, because some 

of the same hormones are involved—and mechanical 

resistance	increases	when	the	soil	dries—it	is	difficult	to	

separate the effects of compaction from those of drought.

THE WATER RANgE FOR bEST PlANT gROWTH
The limitations to plant growth caused by compaction 

and water extremes can be combined into the concept 

of the optimum water range for plant growth—the 

range of water contents under which plant growth is 

not reduced by drought, mechanical stress, or lack of 

chAPter 6 soil degradation: erosion, CoMPaCtion, and ContaMination

soMe croPs More sensItIve thAn others
Compaction doesn’t affect all crops to the same 

extent. An experiment in New York found that  

direct-seeded cabbage and snap beans were more 

harmed by compaction than cucumbers, table beets, 

sweet corn, and transplanted cabbage. Much of the 

plant damage was caused by the secondary effects of 

compaction, such as prolonged soil saturation after 

rain, reduced nutrient availability or uptake,  

and greater pest problems.

          

dry soil

wet soil

depth of 
tillage Figure 6.10. Forces of heavy 

loads are transferred deep 
into the soil, especially 

when the soil is wet.
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aeration	(figure	6.12).	This	range,	referred	to	by	scien-

tists as the least-limiting water range, is bounded on 

two sides—when the soil is too wet and when it’s too dry.

The optimum water range in a well-structured soil 

has its field capacity on the wet end, as water above that 

moisture content is quickly drained out by gravity. On 

the dry end is the wilting point—beyond which the soil 

holds water too tightly to be used by plants. However, 

the soil water range for best growth in a compacted 

soil is much narrower. Even after a severely compacted 

soil	drains	to	field	capacity,	it	is	still	too	wet	because	

it lacks large pores and is poorly aerated. Good aera-

tion	requires	at	least	20%	of	the	pore	space	(about	10%	

of	the	volume	of	the	whole	soil)	to	be	air	filled.	On	the	

dry end, plant growth in a compacted soil is commonly 

limited by soil hardness rather than by lack of available 

water. Plants in compacted soils therefore experience 

more stress during both wet and dry periods than plants 

in soils with good tilth. The effects of compaction on 

crop yields usually depend on the length and severity 

of excessive wet or dry periods and when those periods 

occur relative to critical times for plant growth.

cHEMIcAl cONTAMINATION OF SOIl
Soils can be contaminated with chemicals—either natu-

rally or by human activity—to such an extent that crops 

are adversely affected. In this section we’ll start with 

a discussion of problems of saline and sodic (alkaline) 

soils, normally found in arid and semiarid regions. Then 

we’ll discuss other types of chemical contamination.

Sodic and Saline Soils
Special soil problems are found in arid and semiarid 

regions, including soils that are high in salts, called 

saline soils, and those that have excessive sodium  

(Na+), called sodic soils. Sometimes these go together 

and the result is a saline-sodic soil. Saline soils usually 

have good soil tilth, but plants can’t get the water they 

need because the high salt levels in the soil inhibit water 

uptake. Sodic soils tend to have very poor physical struc-

ture because the high sodium levels cause clays to dis-

perse, leading aggregates to break apart. As aggregates 

break	down,	these	soils	become	difficult	to	work	with	

and very inhospitable for plants because of compaction 

and greatly reduced aeration. 

chAPter 6 soil degradation: erosion, CoMPaCtion, and ContaMination

Figure 6.11. Compacted soils harden more quickly upon drying than  
well-aggregated soils. 

Figure 6.12. The optimum water range for crop growth for two different 
soils.
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Aggregates of sodic soils disperse when they are 

saturated, and the solids then settle as individual par-

ticles	and	make	the	soil	very	dense	(figure	6.13).	When	a	

sodic	soil	is	fine	textured,	such	poor	structure	develops—

the consistency and appearance of a wet sodic clay soil 

are something like that of chocolate pudding—that there 

are serious problems with drainage, seedling emergence, 

and root development. A soil like that must be remedi-

ated before growing crops. Also, the ionic strength of the 

cations in the soil can affect aggregate stability. Some 

believe that soils with high magnesium-over-calcium 

ratios	tend	to	have	weaker	aggregates	and	would	benefit	

from calcium applications, but that is not supported by 

research, except in unusual situations.

Saline and sodic soils are commonly found in the 

semiarid and arid regions of the western U.S., with 

pockets of saline soils found near the coastline. They 

are common in similar climate zones in many countries 

around the world.

Although some soils are naturally saline or sodic or 

both, there are a number of ways that surface soils may 

become contaminated with salts and sodium. When 

irrigation	water	containing	significant	salt	content	is	

used—without applying extra water to leach out the 

salts—accumulation of salts can create a saline soil. 

Also, routine use of irrigation water with high sodium 

levels relative to calcium and magnesium will create a 

sodic soil over time. Over-irrigating, which often occurs 

with	conventional	flood	or	furrow	irrigation,	can	create	

salinity problems in the topsoil by raising water tables 

to	within	2–3	feet	of	the	surface.	Shallow	groundwater	

can then move by capillary action to the surface, where 

the water evaporates and the salts remain. Sometimes 

the extra moisture accumulated during a fallow year in 

semiarid	regions	causes	field	seeps,	in	which	salty	water	

high in sodium comes to the surface, leading to the 

development of saline and sodic patches.

Other Types of Chemical Contamination
Soils can become contaminated with all sorts of chemi-

cals—from oil, gasoline, or pesticides to a variety of indus-

trial chemicals and mining wastes. This contamination 

may occur through unintended spills, although in the past 

waste materials of these types were frequently disposed 

of by dumping on soils. In urban areas it is common to 

chAPter 6 soil degradation: erosion, CoMPaCtion, and ContaMination

sALIne soIL. 
Electrical conductivity of a soil extract is greater than  

4 ds/m, enough to harm sensitive crops.

sodIc soIL. 
Sodium occupies more than 15% of the cation exchange 

capacity (CEC). Soil structure can significantly deteriorate 

in some soils at even lower levels of sodium.

Figure 6.13. A sodic soil in Tasmania, Australia, that lacks aggregation and 
has problems with waterlogging when wet and with hardsetting when 
dry. Photo by Richard Doyle.
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find	lead-contaminated	soils	as	a	result	of	the	use	of	lead-

based paint for decades. Lead, as well as other contami-

nants, frequently makes creating an urban garden a real 

challenge. Frequently, new topsoil is brought in, mixed 

with a large quantity of compost, and placed in raised 

beds so that plant roots grow above the contaminated 

soil. Agricultural soils that have a history of applications 

of sewage sludge (biosolids is the current term) may have 

received	significant	quantities	of	heavy	metals	such	as	

cadmium, zinc, and chromium, as well as antibiotics and 

pharmaceutical drugs contained in the sludge. 

There are a number of ways to remediate chemically 

contaminated soils. Sometimes adding manure or other 

organic amendments and growing crops stimulates 

soil organisms to break down organic chemicals into 

less harmless forms. Some plants are especially good at 

taking up certain metals from soil and are sometimes 

used to clean contaminated soil—but they then must be 

disposed of carefully.

SUMMARY
Soil degradation is one of the world’s great environmen-

tal problems. At the same time as rivers are contaminated 

with sediments eroded from soils, severe erosion in 

many	parts	of	the	world	results	in	a	significant	decrease	

in soil productivity. Although the immediate cause 

for water erosion may be intense rainfall, there are a 

number of reasons soil loss is especially severe in some 

situations.	Susceptibility	to	erosion	is	influenced	by	soil	

type (silts are more susceptible), degree of aggregate  

stability, and extent of soil cover by residue and/

or	growing	plants.	Compaction,	another	form	of	soil	

degradation, can go unnoticed unless one looks for the 

symptoms, but it can have a damaging effect on plant 

growth. For a discussion of tried and true ways of  

reducing	erosion	and	compaction,	see	chapters	14	 

and	15.	And	for	how	to	reclaim	saline,	sodic,	and	saline-

sodic soils, see chapter 20.
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sALt Presence In ALL soILs
Salts of calcium, magnesium, potassium, and other cations—along with the common negatively charged anions chloride, 

nitrate, sulfate, and phosphate—are found in all soils. However, in soils in humid and subhumid (drier than humid, where most 

crops can be grown without irrigation) climates—with from 1–2 to well over 7 inches of water percolating beneath the root 

zone every year—salts don’t usually accumulate to levels where they can be harmful to plants. Even when high rates of fertil-

izers are used, salts usually become a problem only when you place large amounts in direct contact with seeds or growing 

plants. Salt problems frequently occur in greenhouse potting mixes because growers regularly irrigate their greenhouse plants 

with water containing fertilizers and may not add enough water to leach the accumulating salts out of the pot.
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Chapter 7

nutrient CyCles and FloWs

Increasingly . . . emphasis is being laid on the direction of natural forces, on the conservation 

of inherent richness, on the acquirement of plant food supplies from the air and subsoil.

—J.l. hills, C.h. Jones, and C. Cutler, 1908

We used the term cycle earlier when discussing the 

flow	of	nutrients	from	soil	to	plant	to	animal	to	soil,	as	

well as global carbon and nitrogen cycles (chapter 2). 

Some farmers minimize their use of nutrient supple-

ments and try to rely more on natural soil nutrient 

cycles—as contrasted with purchased commercial 

fertilizers—to provide fertility to plants. But is it really 

possible to depend forever on the natural cycling of all 

the	nutrients	to	meet	a	crop’s	needs?	Let’s	first	consider	

what a nutrient cycle is and how it differs from the other 

ways that nutrients move from one place to another.

When nutrients move from one place to another, 

that is a flow. There are many different types of nutrient 

flows	that	can	occur.	When	you	buy	fertilizers	or	animal	

feeds,	nutrients	are	“flowing”	onto	the	farm.	When	

you sell sweet corn, apples, alfalfa hay, meat, or milk, 

nutrients	are	“flowing”	off	the	farm.	Flows	that	involve	

products entering or leaving the farm gate are managed 

intentionally, whether or not you are thinking about 

nutrients.	Other	flows	are	unplanned—for	example,	

when nitrate is lost from the soil by leaching to ground-

water or when runoff waters take nutrients along with 

eroded topsoil to a nearby stream.

When crops are harvested and brought to the barn 

to	feed	animals,	that	is	a	nutrient	flow,	as	is	the	return	of	

animal	manure	to	the	land.	Together	these	two	flows	are	

a	true	cycle,	because	nutrients	return	to	the	fields	from	

which they came. In forests and natural grassland, the 

cycling	of	nutrients	is	very	efficient.	In	the	early	stages	of	

agriculture,	when	almost	all	people	lived	near	their	fields,	

nutrient	cycling	was	also	efficient	(figure	7.1a).	However,	

in many types of agriculture, especially modern, “indus-

trial-style” farming, there is little real cycling of nutrients, 

because there is no easy way to return nutrients shipped 

off the farm. In addition, nutrients in crop residues don’t 

cycle	very	efficiently	when	the	soil	is	without	living	plants	

for long periods, and nutrient runoff and leaching losses 

are much larger than from natural systems.

Photo by iStock photo
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The	first	major	break	in	the	cycling	of	nutrients	

occurred as cities developed and nutrients began to 

routinely travel with farm products to feed the growing 

urban populations. It is rare for nutrients to travel many 

miles away from cities and return to the soils on which 

the	crops	and	animals	were	originally	raised	(figure	

7.1b,c).	Thus,	nutrients	have	accumulated	in	urban	sew-

age and polluted waterways around the world. Even with 

the building of many new sewage treatment plants in 

the	1970s	and	1980s,	effluent	containing	nutrients	still	

flows	into	waterways,	and	sewage	sludges	are	not	always	

handled in an environmentally sound manner.

The trend toward farm specialization, mostly driven 

by economic forces, has resulted in the second break in 

nutrient cycling by separating animals from the land 

that grows their feed. With specialized animal facilities 

(figure	7.1c),	nutrients	accumulate	in	manure	while	crop	

farmers purchase large quantities of fertilizers to keep 

their	fields	from	becoming	nutrient	deficient.	

DIFFERINg FlOW PATTERNS
Different types of farms may have distinctly different 

nutrient	flow	patterns.	Farms	that	exclusively	grow	

grain or vegetables have a relatively high annual nutri-

ent	export	(figure	7.2a).	Nutrients	usually	enter	the	farm	

as either commercial fertilizers or various amendments 

and leave the farm as plant products. Some cycling of 

nutrients occurs as crop residues are returned to the 

soil	and	decompose.	A	large	nutrient	outflow	is	com-

mon, however, because a large portion of the crop is 

usually exported off the farm. For example, an acre of 

tomatoes	or	onions	usually	contains	over	100	pounds	of	

nitrogen,	20	pounds	of	phosphorus,	and	100	pounds	of	

potassium. For agronomic crops, the annual export of 

nutrients	is	about	100	pounds	of	nitrogen,	6	pounds	of	

phosphorus, and 50 pounds of potassium per acre for 

corn	grain	and	about	150	pounds	of	nitrogen,	20	pounds	

of	phosphorus,	and	130	pounds	of	potassium	per	acre	

for grass hay.

chAPter 7 nutrient CyCles and FloWs
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Figure 7.1. The patterns of nutrient flows change over time. From Magdoff, Lanyon, and Liebhardt (1997).
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It	should	be	fairly	easy	to	balance	inflows	and	out-

flows	on	crop	farms,	at	least	theoretically.	In	practice,	

under good management, nutrients are depleted a bit 

by crop growth and removal until soil test levels fall 

too low, and then they’re raised again with fertilizers or 

manures	(see	chapter	21).	

A grass-fed beef operation that uses little to no 

imported feed should also be able to easily balance 

imports and exports because few nutrients leave the 

farm (as animals) and few nutrients are brought on to 

the	farm	(figure	7.2b).	Most	of	the	nutrients	on	this	type	

of operation complete a true cycle on the farm—they are 

taken up from the soil by plants, which are eaten by the 

animals, and most of the nutrients are then returned 

to	the	soil	as	manure	and	urine.	The	same	type	of	flows	

will occur on all integrated crop and livestock farms that 

produce all of their own feed.

A contrasting situation occurs on dairy farms if all of 

the forage is produced on the farm but grains and miner-

als	are	purchased	(figure	7.2c).	Many	dairy	farms	in	the	

northeast U.S. do not have the land base to grow all the 

needed feed and tend to emphasize growing forage crops. 

In this situation, there are more sources of nutrients 

coming onto the farm—with concentrates (commonly 

mixtures containing corn grain and soy) and minerals 

usually comprising a larger source of nutrient inputs 

than fertilizers. In a study of forty-seven New York state 

dairy	farms	an	average	76%	of	N	came	onto	the	farms	as	

feeds	and	23%	as	fertilizers.	The	percentages	were	pretty	

much	the	same	for	P	(73%	as	feeds	and	26%	as	fertiliz-

ers). Most of the nutrients consumed by animals end up 

in	the	manure—from	60%	to	over	90%	of	the	nitrogen,	

phosphorus,	and	potassium.	Compared	with	crop	farms,	

where a high percent of the crop grown is sold, fewer 

nutrients	flow	from	dairy	farms	per	acre.	Under	this	

situation, nutrients will accumulate on the farm and may 

eventually cause environmental harm from excess nitro-

gen or phosphorus. This same problem exists for any ani-

mal farm that imports a high percentage of its feed. To 

chAPter 7 nutrient CyCles and FloWs

Figure 7.2. Nutrient flows and cycles on (a) crop farm, (b) grass-fed beef 
or other integrated crop-livestock farm, and (c) dairy farm.
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put it another way, these farms have an inadequate land 

base to produce all their feed and therefore also have an 

inadequate land base on which to apply their manure 

at environmentally safe rates. Animal operations that 

import all feeds and have a limited land base to use the 

manure have the greatest potential to accumulate high 
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amounts	of	nutrients.	Contract	growers	of	chickens	are	

an example of this situation.

Two	different	nutrient	flows	occur	when	manure	on	

livestock	farms	is	applied	to	the	fields	used	for	growing	

the feeds. The nutrients in manure that came from farm-

grown feed sources are completing a true cycle. The 

nutrients in manure that originally entered the farm as 

purchased feeds and mineral supplements are not par-

ticipating in a true cycle. These nutrients are completing 

a	flow	that	might	have	started	in	a	far-away	farm,	mine,	

or fertilizer factory and are now just being transported 

from	the	barn	to	the	field.

If there is enough cropland to grow most of the grain 

and forage needs, low amounts of imported nutrients 

and export per acre will result. Relatively low amounts 

of nutrients exported per acre as animal products make 

it easier to rely on nutrient cycling on a mixed livestock-

crop farm that produces most of its feed than on a farm 

growing only crops.

IMPlIcATIONS OF NUTRIENT FlOW PATTERNS
Long-distance transportation of nutrients is central to 

the way the modern food system functions. On average, 

the	food	we	eat	has	traveled	about	1,300	miles	from	

field	to	processor	to	distributor	to	consumer.	Exporting	

wheat	from	the	U.S.	Pacific	Northwest	to	China	involves	

an even longer distance, as does the import of apples 

from New Zealand to New York. The nutrients in 

concentrated commercial fertilizers also travel large 

distances from the mine or factory to distributors to the 

field.	The	specialization	of	the	corn	and	soybean	farms	

of the Midwest and the hog and chicken mega farms 

centralized in a few regions, such as Arkansas, the East 

Coast’s	Delmarva	Peninsula,	and	North	Carolina,	has	

created	a	unique	situation.	The	long-distance	flows	of	

nutrients from crop farms to animal farms require the 

purchase of fertilizers on the crop farms; meanwhile, the 

animal farms are overloaded with nutrients.

Of course, the very purpose of agriculture in the 

modern	world—the	growing	of	food	and	fiber	and	the	

use of the products by people living away from the 

farm—results in a loss of nutrients from the soil, even 

under the best possible management. In addition, leach-

ing losses of nutrients, such as calcium, magnesium, and 

potassium,	are	accelerated	by	natural	acidification,	as	

well	as	by	acidification	caused	by	the	use	of	fertilizers.	

Soil minerals—especially in the “young” soils of glaci-

ated regions and in arid regions not subject to much 

leaching—may supply lots of phosphorus, potassium, 

calcium, and magnesium and many other nutrients. A 

soil with plentiful active organic matter also may supply 

nutrients for a long time. Eventually, however, nutrients 

will need to be applied to a continually cropped soil. 

Nitrogen is the only nutrient you can “produce” on the 

farm—legumes and their bacteria working together can 

remove nitrogen from the atmosphere and change it 

into forms that plants can use. However, sooner or later 

you will need to apply some phosphorus or potassium, 

even to the richest soils. If the farm is in a mixed crop-

livestock system that exports only animal products, it 

may take a long time to deplete a rich soil, because so 

few nutrients per acre are exported with those products. 

For crop farms, especially in humid regions, the deple-

tion occurs more rapidly, because more nutrients are 

exported per acre each year.

The issue eventually becomes not whether nutrients 

will be imported onto the farm, but rather, what source 

of nutrients you should use. Will the nutrients brought 

onto the farm be commercial fertilizers; traditional 

amendments	(limestone);	biologically	fixed	nitrogen;	

imported feeds or minerals for livestock; organic materi-

als such as manures, composts, and sludges; or some 

combination of sources?

Three Different Flow Patterns
There	are	three	main	nutrient	flow	patterns,	each	one	

with implications for the long-term functioning of the 

farm and the environment: Imports of nutrients may be 
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less than exports, imports may be greater than exports, 

or imports may equal exports.

Imports are less than exports. For farms “living 

off capital” and drawing down the supplies of nutrients 

from minerals and organic matter, nutrient concentra-

tions continually decline. This can continue for a while, 

just like a person can live off savings in a bank account 

until the money runs out. At some point, the availabil-

ity of one or more nutrients becomes so low that crop 

yields decrease. If this condition is not remedied, the 

farm becomes less and less able to produce food, and 

its economic condition will decline. This is clearly not 

a desirable situation for either the farm or the country. 

Unfortunately, the low productivity of much of Africa’s 

agricultural lands is partially caused by this type of 

nutrient	flow	pattern,	as	increasing	population	pressure	

elevated land-use intensity, and fertilizer prices are too 

high for poor farmers. In previous times under the sys-

tem	of	shifting	cultivation,	agricultural	fields	would	have	

been allowed to return to forest for 20 or more years, 

during which time there would have been a replenish-

ment of nutrients in the topsoil. One of the greatest 

challenges of our era is to increase the fertility of the 

soils of Africa, both by using fertilizers and by building 

up healthier soils.

Imports are  larger than exports. Animal 

farms with inadequate land bases to produce all needed 

feed	pose	a	different	type	of	problem	(figure	7.2c).	As	

animal numbers increase relative to the available crop-

land and pasture, larger purchases of feeds (containing 

nutrients) are necessary. As this occurs, there is less 

land available—relative to the nutrient loads—to spread 

manure. Ultimately, the operation exceeds the capacity 

of the land to assimilate all the nutrients, and pollu-

tion of ground and surface waters occurs. For example, 

in a study of New York dairy farms, as animal density 

increased	from	around	1/4	of	an	animal	unit	(1	AU	=	

one	1,000-pound	animal,	or	a	number	of	animals	that	

together	weigh	1,000	pounds)	per	acre	to	over	1	AU	

per acre, the amount of N and P remaining on farms 

increased	greatly.	When	there	was	1/4	AU	per	acre,	

imports and exports were pretty much in balance. But at 

1	AU	per	acre,	around	150	pounds	of	N	and	20	pounds	

of P remain on the farm per acre each year. The nutrient 

flow	pattern	on	farms	with	high	animal	densities—

with large imports, mainly as feeds, greatly exceeding 

exports—is not environmentally acceptable, although 

under current conditions it may be more economi-

cal than a more balanced pattern. In addition, some 

farmers, mainly organic ones, try to build up their soil 

organic matter and nitrogen supply by annual applica-

tions of manure or compost. This also causes an unac-

ceptable buildup of nutrients in soils. In a survey from 

2002 through 2004 of thirty-four organic farms from 

seven	states	in	the	Northeast,	encompassing	203	fields,	

it was found that approximately a third of the soils 

had below-optimal levels of nutrients. However, about 

half	of	the	fields	were	found	to	have	excessive	levels	of	

P. Other ways need to be found to add organic matter 

through on-farm practices such as intensive use of cover 

crops and rotations with perennial forages.

Imports and exports are close to balanced. 

From the environmental perspective and for the sake 

of long-term soil health, fertility should be raised 

to—and then maintained at—optimal levels. The best 

way to keep desirable levels once they are reached is 

to	roughly	balance	inflows	and	outflows.	Soil	tests	can	

be	very	helpful	in	fine-tuning	a	fertility	program	and	

making sure that levels are not building up too high or 

being	drawn	down	too	low	(see	chapter	21).	This	can	be	

a challenge and may not be economically possible for 

all farms. This is easier to do on a mixed crop-livestock 

farm than on either a crop farm or a livestock farm that 

depends	significantly	on	imported	feeds.	As	discussed	

above, because such a high percentage of the nutrients 

in feeds are excreted, animal products end up exporting 

relatively low amounts of nutrients off the farm. So if all 

the feeds are farm grown, adding an animal enterprise 
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to a crop farm will tend to lower the nutrient exports.

In order to help balance nutrient imports and 

exports, routine soil tests should become a part of every 

farm’s practices, because they will indicate whether 

nutrients are being depleted or accumulating to higher 

levels than needed.

SUMMARY
There is true nutrient cycling on most farms as crop 

residues or manures produced by animals fed crops 

grown on the farm are returned to the soil. However, 

there	are	potentially	large	flows	of	nutrients	onto	and	

off of farms, and we are concerned about cases where 

the	flows	are	unbalanced.	The	inflow	occurs	as	commer-

cial and organic fertilizers and amendments as well as 

animal feeds are imported onto the farm and in manures 

and composts brought from off the farm. Exports are 

mainly in the form of crops and animal products. In 

general, larger amounts of nutrients are exported off the 

farm in vegetation (grains, forages, vegetables, etc.) than 

in animal products. This happens because a high percent 

of the nutrients in the feeds pass through the animal and 

are available as manure. And relatively few nutrients 

are exported per acre in the form of milk, meat, wool, 

etc., compared to the amount exported from crop farms. 

Nutrient	flows	are	of	such	great	concern	because	as	

nutrient levels decline, the soil rapidly degrades. On the 

other hand, when nutrients build up on the farm, they 

tend to be more readily lost to the environment. Even 

midwestern U.S. cash grain farms that have balanced 

nutrient imports and exports lose nutrients. Nitrogen-

leaching losses from these farms are having negative 

environmental effects on the Mississippi River and Gulf 

of Mexico ecosystems.
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Chapter 8

soil health, Plant health, and Pests

SOIl PROPERTIES AND THEIR INTERRElATIONSHIPS
Healthy soils occur when their biological, chemical, and 

physical	conditions	are	all	optimal	(figure	8.1),	enabling	

high yields of crops. When this occurs, roots are able to 

proliferate easily, plentiful water enters and is stored 

in	the	soil,	the	plant	has	a	sufficient	nutrient	supply,	

there	are	no	harmful	chemicals	in	the	soil,	and	beneficial	

organisms are very active and able to keep potentially 

harmful ones in check as well as stimulate plant growth. 

A soil’s various properties are frequently related to 

one another, and the interrelationships should be kept 

in mind. For example, when a soil is compacted, there 

is	a	loss	of	the	large	pore	spaces,	making	it	difficult	

or impossible for some of the larger soil organisms to 

move or even survive. In addition, compaction may 

make the soil waterlogged, causing chemical changes 

such as when nitrate (NO3
–)	is	denitrified	and	lost	to	the	

atmosphere as nitrogen gas (N2). When soils contain a 

lot of sodium, common in arid and semiarid climates, 

aggregates may break apart and cause the soils to have 

few pore spaces for air exchange. Plants will grow poorly 

in a soil that has degraded tilth even if it contains an 

optimum amount of nutrients. Therefore, to prevent 

problems and develop soil habitat that is optimal for 

plants, we can’t just focus on one aspect of soil but must 

approach crop and soil management from a holistic 

point of view.

PlANT DEFENSES, MANAgEMENT  
PRAcTIcES, AND PESTS
Before discussing the key ecological principles and 

approaches	to	soil	management,	let’s	first	see	how	amaz-

ing plants really are. They use a variety of systems to 

defend themselves from attack by insects and diseases. 

Sometimes they can just outgrow a small pest problem 

by putting out new root or shoot growth. Many plants 

also produce chemicals that slow down insect feed-

ing. While not killing the insect, it at least limits the 

There are few farms in this or any country that are not capable of great improvement.

—luCius d. davis, 1830

Photo courtesy Judy Brossy
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damage.	Beneficial	organisms	that	attack	and	kill	insect	

pests need a variety of sources of nutrition, usually 

obtained	from	flowering	plants	in	and	around	the	field.	

However, when fed upon—for example, by caterpillars—

many plants produce a sticky sweet substance from the 

wounds,	called	“extra-floral	nectar,”	which	provides	

some	attraction	and	food	for	beneficial	organisms.	

Plants under attack by insects also produce airborne 

(volatile)	chemicals	that	signal	beneficial	insects	that	

the	specific	host	it	desires	is	on	the	plant.	The	benefi-

cial insect, frequently a small wasp, then hones in on 

the	chemical	signal,	finds	the	caterpillar,	and	lays	its	

eggs	inside	it	(figure	8.2).	As	the	eggs	develop,	they	kill	

the caterpillar. As one indication of how sophisticated 

this system is, the wasp that lays its eggs in the tomato 

hornworm caterpillar injects a virus along with the 

eggs that deactivates the caterpillar’s immune system. 

Without the virus, the eggs would not be able to develop 

and the caterpillar would not die. There is also evidence 

that plants near those with feeding damage sense the 

chemicals released by the wounded leaves and start 

making chemicals to defend themselves even before they 

are attacked. 

Leaves are not the only part of the plant that can 

send	signals	when	under	attack	that	recruit	beneficial	

organisms. When under attack by the western corn root-

worm—a major pest—the roots of some varieties of corn 

have been shown to release a chemical that attracts a 

nematode that infects and kills rootworm larvae. During 

the process of breeding corn in the U.S., this ability to 

signal	the	beneficial	nematode	has	apparently	been	lost.	

However, it is present in wild relatives and in European 
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system. The resistance is called systemic because the 

entire plant becomes resistant to a disease, even far 

away from the site where the plant was stimulated. 

There are two major types of induced resistance: 

systemic acquired resistance (SAR) and induced 

systemic	resistance	(ISR)	(figure	8.3).	SAR	is	induced	

when plants are exposed to a disease organism or even 

some organisms that do not produce disease. Once 

the plant is exposed to the organism, it will produce 

the hormone salicylic acid and defense proteins that 

protect the plant from a wide range of pests. ISR is 

induced	when	plant	roots	are	exposed	to	specific	plant	

growth–promoting	rhizobacteria	(PGPR)	in	the	soil.	

Once	the	plants	are	exposed	to	these	beneficial	bacteria,	

chAPter 8 soil health, Plant health, and Pests
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Figure 8.2. Plants use a number of defense strategies following damage by feeding insects. Modified from unpublished slide of W.J. Lewis.

corn varieties and is, therefore, available for reintroduc-

tion into U.S. corn varieties.

Plants also have defense systems to help protect 

them from a broad range of viral, fungal, and bacterial 

attacks. Plants frequently contain substances that inhibit 

a disease from occurring whether the plant is exposed to 

the disease organism or not. In addition, antimicrobial 

substances are produced when genes within the plant 

are activated by various compounds or organisms—or 

a pest—in the zone immediately around the root (the 

rhizosphere) or by a signal from an infection site on a 

leaf. This phenomenon is called “induced resistance.” 

This type of resistance causes the plant to form various 

hormones and proteins that enhance the plant’s defense 

2014 Current Issue Study Packet pg 97



Building SoilS for Better CropS: SuStainaBle Soil ManageMent

80

PLAnt defense MechAnIsMs
Plants are not passive in the face of attack by insects, 

nematodes, or diseases caused by fungi and bacteria. 

Genes activated when plants are attacked or stimu-

lated by organisms produce chemicals that

•  slow insect feeding

•  attract beneficial organisms

•  produce structures that protect uninfected sites 

from nearby pathogens

•  produce chemicals that provide a degree of resis-

tance to pathogenic bacteria, fungi, and viruses

hormones (jasmonate and ethylene) are produced that 

protect the plants from various pests. Some organic 

amendments have been shown to induce resistance in 

plants. Therefore, farmers who have very biologically 

active soils high in organic matter may already be tak-

ing advantage of induced resistance. However, there 

currently are no reliable and cost-effective indicators to 

determine whether a soil amendment or soil is enhanc-

ing a plant’s defense mechanisms. More research needs 

to be conducted before induced resistance becomes 

a dependable form of pest management on farms. 

Although the mechanism works very differently from the 

way the human immune system works, the effects are 

similar—the system, once it’s stimulated, offers protec-

tion from attack by a variety of pathogens and insects.

When plants are healthy and thriving, they are 

better able to defend themselves from attack and may 

also be less attractive to pests. When under one or more 

stresses, such as drought, nutrient limitations, or soil 

compaction, plants may “unwittingly” send out signals 

to	pests	saying,	in	effect,	“Come	get	me,	I’m	weak.”	

Vigorous plants are also better competitors with weeds, 

shading them out or just competing well for water and 

nutrients.

Many soil management practices discussed in this 

chapter and the other chapters in part 3 help to reduce 

the severity of crop pests. Healthy plants growing 

chAPter 8 soil health, Plant health, and Pests

Figure 8.3. Types of induced resistance to plant diseases. Modified from Vallad and Goodman (2004) by Amanda Gervais.
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on soils with good biological diversity can mount a 

strong defense against many pests. For examples of 

the effects of soil management on plant pests, see the 

box on the right. The issue of plant health is so criti-

cal to ecological soil and plant management because 

it	also	influences,	as	we	have	just	seen,	the	ability	of	

plants to resist pests. Developing optimal soil health is, 

therefore, the basis for management of crop pests on 

farms—it should be a central goal that underpins crop 

integrated pest management (IPM) programs.

EcOlOgIcAl PRINcIPlES FOR AgRIcUlTURE
Approaching agriculture and soil management from an 

ecological	point	of	view	means	first	understanding	the	

characteristics that comprise strong natural systems. 

Let’s take a look at overall strategies that can contrib-

ute to similar strength of crops, animals, and farms. 

Then	we’ll	briefly	discuss	practices	that	contribute	to	

creating vital and strong agricultural systems (dis-

cussed in more detail in later chapters).

Ecological crop and soil management practices can be 

grouped under one or more of three overall strategies:

•		 grow	healthy	plants	with	strong	defense	capabilities

•		 stress	pests

•	 enhance	beneficial	organisms

These overall strategies are accomplished by 

practices that maintain and enhance the habitat both 

above ground and in the soil. Ecological approaches 

call	for	designing	the	field	and	farm	to	take	advantage	

of the inherent strengths of natural systems. Most of 

this is done prior to, and during, planting a crop and 

has the goal of preventing problems from develop-

ing by contributing to one or more of the three overall 

strategies. However, there are also routine management 

practices that occur during the season even if you have 

done a lot of preventive management. For example, 

irrigation is frequently needed for high-value crops such 

as fresh market vegetables—even in humid regions. 

Also,	scouting	for	pest	problems	and	beneficials	should	

chAPter 8 soil health, Plant health, and Pests

MAnAGInG soILs And croPs to  
MInIMIze Pest ProbLeMs
It is well established—and known by most farmers—that 
crop rotation can decrease many disease, insect, nematode, 
and weed pressures. A few other examples of management 
practices that reduce pest pressure follow:

•  Insect damage can be reduced by avoiding excess inorganic 
nitrogen levels in soils by using better nitrogen management. 

•  Adequate nutrient levels reduce disease incidence. For 
example, calcium applications have reduced diseases in 
crops such as wheat, peanuts, soybeans, and peppers, while 
added potassium has reduced the incidence of fungal 
diseases in crops such as cotton, tomatoes, and corn. 

•  Damage from insect and disease (such as fungal diseases of 
roots) can be decreased by lessening soil compaction.

•  Severity of root rots and leaf diseases can be reduced with 
composts that contain low levels of available nitrogen but 
still have some active organic matter. 

•  Many pests are kept under control by having to compete 
for resources or by direct antagonism from other insects 
(including the beneficials feeding on them). Good quanti-
ties of a variety of organic materials help maintain a diverse 
group of soil organisms.

•  Root surfaces are protected from fungal and nematode at-
tack by high rates of beneficial mycorrhizal fungi. Most cover 
crops help keep mycorrhizal fungi spore counts high and 
promote higher rates of infection by the beneficial fungi.

•  Parasitic nematodes can be suppressed by selected cover 
crops.

•  Weed seed numbers are reduced in soils that have a lot of 
biological activity, with both microorganisms and insects 
helping the process.

•  Weed seed predation by ground beetles is encouraged 
by reduced tillage and maintenance of surface residues. 
Reduced tillage also keeps the weed seeds at the surface, 
where they are accessible to predation by other organisms, 
such as rodents, ants, and crickets.

•  Residues of some cover crops, such as winter rye, produce 
chemicals that reduce weed seed germination.
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be part of routine management during the season. If an 

unanticipated problem, such as an insect outbreak, arises, 

remedial action, such as applying the most ecologically 

sound	pesticide	or	releasing	purchased	beneficials	into	

the	field,	may	be	required	to	save	the	crop.

Ecological principles provide a good framework 

for sustainable management, but we must also recog-

nize that crop production is inherently an “unnatural” 

process because we favor one organism (the crop plant) 

over the competing interests of others. With currently 

available pesticides, the temptation exists to simply wipe 

out competitors—for example through soil fumigation—

but this creates dependency on purchased materials 

from off the farm and weakens the overall resiliency of 

the soil and cropping system. The goal of ecological crop 

and soil management is to minimize the extent of reac-

tive management (which reacts to unanticipated occur-

rences) by creating conditions that help grow healthy 

plants,	promote	beneficials,	and	stress	pests.	The	discus-

sion below and in the rest of this book focuses on ways 

to maintain and enhance habitat in order to promote 

one or more of the three strategies listed above.

EcOlOgIcAl cROP AND SOIl MANAgEMENT
We’ll discuss ecological crop and soil management 

practices as part of a general framework for approaching 

ecological	crop	management	(figure	8.4).	The	heart	of	

the matter is that the strength of the system is improved 

by creating improved habitat both above ground and 

in	the	soil.	Although	it	is	somewhat	artificial	to	talk	
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stronG ecosYsteM chArActerIstIcs
Efficiency. Efficient energy flows are characteristic of natural systems. The sun’s energy captured by green plants is used by 

many organisms, as fungi and bacteria decompose organic residues and are then fed upon by other organisms, which are 

themselves fed upon by others higher up the food web. Natural ecosystems also tend to be efficient in capturing and using 

rainfall and in mobilizing and cycling nutrients. This helps to keep the ecosystem from “running down” because of excessive 

loss of nutrients and at the same time helps maintain the quality of the groundwater and surface waters. Rainfall tends to 

enter the porous soil, rather than run off, providing water to plants as well as recharge to groundwater, slowly releasing water 

to streams and rivers. 

Diversity. High biological diversity, both above ground and in the soil, characterizes many natural ecosystems in temperate 

and tropical regions. It provides nutrients to plants, checks on disease outbreaks, etc. For example, competition for resources 

and specific antagonisms (such as antibiotic production) from the multitude of soil organisms usually keep soilborne plant 

diseases from severely damaging a natural grassland or forest. 

Self-sufficiency. A consequence of efficiency and diversity in natural terrestrial ecosystems is that they become self-suffi-

cient—requiring only inputs of sunlight and rainfall. 

Self-regulation. Because of the great diversity of organisms, outbreaks (or huge population increases) of diseases or insects 

that severely damage plants or animals are uncommon. In addition, plants have a number of defense mechanisms that help 

protect them from attack. 

Resiliency. Disturbances, such as climate extremes, occur in all ecosystems—natural or not. The stronger ones are more resis-

tant to disturbances and are able to bounce back more quickly.  

—ModiFied FroM MagdoFF (2007).
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separately about aboveground and soil habitat—many 

practices help both at the same time—it should make 

many issues clearer. Not all of the aboveground discus-

sion refers directly to management of soil, but most 

does. In addition, the practices we’ll discuss contribute 

to one or more of the overall strategies: (a) growing 

healthy plants with strong defense capabilities, (b) 

stressing	pests,	and	(c)	enhancing	beneficial	organisms.

Aboveground Habitat Management
There are numerous ways that the aboveground habitat 

can be improved to help grow healthy plants, stress 

pests,	and	enhance	beneficial	organisms:	

•		 Select	crops	and	varieties	that	are	resistant	to	local	

pests (in addition to other qualities such as yield, 

taste, etc.).

•		 Use	appropriate	planting	densities	(and	companion	

crops) to help crops grow vigorously, smother weeds, 

and (with companion crops) provide some protec-

tion against pests. In some cases, blends of two or 

more varieties of the same crop (one susceptible to a 

pest but with a higher yield potential, and one that’s 

resistant) have shown potential for increasing total 

yields for wheat and rice. Even though the farmer is 

growing the same crop, increased genetic diversity 

due to using different varieties (cultivars) seems to 

provide some protection. Perhaps there are possibili-

ties for growing mixes of other crops as well.

•		 Plant	perimeter	(trap)	crops	that	are	more	attractive	

to a particular pest than the economic crop(s) grow-

ing	in	the	middle	of	the	field	and	so	can	intercept	in-

coming insects. (This has been successfully practiced 
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Figure 8.4. A whole-system approach to soil and crop management at the field level. Modified from Magdoff (2007).
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by planting blue Hubbard squash on the perimeter 

of	summer	squash	fields	to	intercept	the	striped	

cucumber beetle.)

•		 Create	field	boundaries	and	zones	within	fields	that	are	

attractive	to	beneficial	insects.	This	usually	involves	

planting	a	mix	of	flowering	plants	around	or	as	strips	

inside	fields	to	provide	shelter	and	food	for	beneficials.

•		 Use	cover	crops	routinely	for	multiple	benefits,	such	

as	providing	habitat	for	beneficial	insects,	adding	N	

and organic matter to the soil, reducing erosion and 

enhancing	water	infiltration	into	the	soil,	retaining	nu-

trients in the soil, and much more. It is possible to sup-

ply all of the nitrogen to succeeding crops by growing 

a vigorous winter legume cover crop, such as crimson 

clover in the South and hairy vetch in the North.

•		 Use	rotations	that	are	complex,	involve	plants	of	

different families, and, if at all possible, include sod 

crops such as grass/clover hay that remain without 

soil disturbance for a number of years.

•	 Reduce	tillage.	This	is	an	important	part	of	an	

ecological approach to agriculture. Tillage buries 

residues, leaving the soil bare and more susceptible 

to the erosive effects of rainfall, and at the same time 

breaks	up	natural	soil	aggregates	that	help	infiltra-

tion, storage, and drainage of precipitation. (The use 

of practices that reduce erosion is critical to sustain-

ing soil productivity.)

Some of these practices—use of cover crops and 

more complex rotations and reducing tillage—will also 

be mentioned below under “Enhancing Soil Habitat” 

and discussed in detail in later chapters.

Enhancing Soil Habitat
The general practices for improving the soil as a place 

for	crop	roots	and	beneficial	organisms	to	thrive	are	the	

same	for	all	fields	and	farms	and	are	the	focus	of	our	

discussions in the next chapters. However, the real ques-

tions are which ones are best implemented, and how are 

they	implemented	on	a	specific	farm?	These	questions	

can	only	be	answered	by	knowing	the	specific	situation	

as well as the resources available on the farm. However, 

many practices are outlined below that may make the 

soil a better environment for growing healthy plants, 

stressing	pests,	and	enhancing	beneficial	organisms:	

•		 Add	organic	materials—animal	manures,	composts,	

tree leaves, cover crops, rotation crops that leave 

large amounts of residue, etc.—on a regular basis 

(see	chapters	10	through	13).	

•		 Use	different	types	of	organic	materials	because	

they have different positive effects on soil biological, 

chemical,	and	physical	properties	(chapter	9).	

•		 Keep	soil	covered	with	living	vegetation	and/or	crop	

residues by using cover crops, sod crops in rotation, 

and/or	reduced	tillage	practices	(chapters	10,	11,	and	

16).	This	encourages	water	infiltration,	reduces	ero-

sion, promotes organisms that feed on weed seeds, 

and increases mycorrhizal numbers on the roots of 

the following crops.

•		 Reduce	soil	compaction	to	a	minimum	by	keeping	

off	fields	when	they	are	too	wet,	redistributing	loads,	

using	traffic	lanes,	etc.	(chapter	15).

•		 Use	practices	to	supply	supplemental	fertility	

sources, when needed, that better match nutri-

ent	availability	to	crop	uptake	needs	(chapters	18	

through	21).	This	helps	to	reduce	both	weed	and	

insect damage as well as pollution of surface and 

groundwaters.

•		 For	soils	in	arid	and	semiarid	climates,	reduce	salt	

and sodium contents if they are high enough to 

interfere with plant growth (chapter 20).

•		 Evaluate	soil	health	status	(chapter	22)	so	that	you	

can see improvement and know what other soil-

improving practices might be appropriate.

•		 Use	multiple	practices	that	improve	the	soil	habitat	

(chapter 23). Each one may have a positive effect, 

but there are synergies that come into play when a 

number of practices—such as reduced tillage and 

cover crops—are combined. 
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SUMMARY
The overall strategies of ecologically sound crop and soil 

management focus on prevention of factors that might 

limit plant growth. These three strategies are to grow 

healthy plants with enhanced defense capabilities, stress 

pests,	and	enhance	beneficial	organisms.	There	are	a	

variety of practices that contribute to these overall goals 

and have been discussed in this chapter as enhanc-

ing both aboveground habitat and soil habitat. There 

is some overlap, because cover crops, crop rotations, 

and tillage have effects both above and below ground. 

The various practices that improve and maintain soil 

habitats are discussed in detail in the following chapters 

of part 3.

As	indicated	in	figure	8.4,	in	addition	to	the	work	

of prevention (mainly accomplished before and dur-

ing planting), there are routine management practices 

that are carried out during the season, and remedial or 

reactive approaches may need to be used if prevention 

practices are not enough to take care of some potential 

threat to the crop. However, just as with human and ani-

mal health, prevention is preferred to curing a problem 

after it develops. For this reason, the orientation of the 

remaining sections of the book are on practices that help 

prevent problems from developing that might limit the 

growth or quality of plants.
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confLIctInG dIseAse MAnAGeMent AdvIce?
In this book we promote reduced tillage and retention of crop residues at the soil surface. But farmers are often encouraged 

to incorporate crop residues because they can harbor disease organisms. Why the conflicting advice? The major difference 

is in the overall approach to soil and crop management. In a system that involves good rotations, conservation tillage, cover 

crops, other organic matter additions, etc., the disease pressure is reduced as soil biological diversity is increased, beneficial  

organisms are encouraged, and crop stresses are reduced. In a more traditional system, the susceptibility dynamics are dif-

ferent, and a disease organism is more likely to become a dominant concern, necessitating a reactive approach. A long-term 

strategy of building soil and plant health reduces the need to use short-term cures.  

chAPter 8 soil health, Plant health, and Pests
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Chapter 9

Managing For high-Quality soils:
organiC Matter, soil PhysiCal Condition, nutrient availability

Because organic matter is lost from the soil through decay, washing, and leaching,  

and because large amounts are required every year for crop production, the necessity of  

maintaining the active organic-matter content of the soil, to say nothing of the desirability  

of increasing it on many depleted soils, is a difficult problem.

—a.F. gustafson, 1941

Increasing the quality of a soil—enhancing it as a 

habitat	for	plant	roots	and	beneficial	organisms—takes	

a lot of thought and action over many years. Of course, 

there are things that can be done right off—plant a cover 

crop this fall or just make a New Year’s resolution not to 

work soils that really aren’t ready in the spring (and then 

stick with it). Other changes take more time. You need 

to study carefully before drastically changing crop rota-

tions, for example. How will the new crops be marketed, 

and are the necessary labor and machinery available?

All actions taken to improve soil health should 

contribute to one or more of the following: (a) growing 

healthy plants, (b) stressing pests, and (c) increasing 

beneficial	organisms.	First,	various	practices	to	build	

up and maintain high levels of soil organic matter are 

key. Second, developing and maintaining the best pos-

sible soil physical condition often require other types of 

practices, in addition to those that directly impact soil 

organic matter. Paying better attention to soil tilth and 

compaction is more important than ever, because of the 

use	of	very	heavy	field	machinery.	Last,	although	good	

organic matter management goes a long way toward 

providing good plant nutrition in an environmentally 

sound way, good nutrient management involves addi-

tional practices. In this chapter we’ll focus on issues of 

organic matter management.

ORgANIc MATTER MANAgEMENT
As we discussed in chapter 3, there are no generally 

accepted guidelines as to how much organic matter 

should	be	in	a	particular	soil.	And	it	is	difficult	to	be	

sure exactly why problems develop when organic matter 

is	depleted	in	an	individual	field.	However,	even	in	the	

early 20th century, agricultural scientists proclaimed, 
Photo by Jerry DeWitt 
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“Whatever the cause of soil unthriftiness, there is no 

dispute as to the remedial measures. Doctors may 

disagree as to what causes the disease, but agree as to 

the	medicine.	Crop	rotation!	The	use	of	barnyard	and	

green manuring! Humus maintenance! These are the 

fundamental	needs”	(Hills,	Jones,	and	Cutler,	1908).	A	

century later, these are still some of the major remedies 

available to us.

There seems to be a contradiction in our view of soil 

organic matter. On one hand, we want crop residues, 

dead microorganisms, and manures to decompose. If 

soil organic matter doesn’t decompose, no nutrients 

are made available to plants, no glue to bind particles 

is manufactured, and no humus is produced to hold 

on to plant nutrients as water leaches through the soil. 

On the other hand, numerous problems develop when 

soil	organic	matter	is	significantly	depleted	through	

decomposition. This dilemma of wanting organic matter 

to decompose, but not wanting to lose too much, means 

that organic materials must be continually added to the 

soil. A supply of active organic matter must be main-

tained,	so	that	soil	organisms	have	sufficient	food,	and	

so that humus can continually accumulate. This does not 

mean	that	organic	materials	must	be	added	to	each	field	

every year—although that happens to a greater or lesser 

degree if crop roots and aboveground residues remain. 

However,	it	does	mean	that	a	field	cannot	go	without	

a	significant	quantity	of	organic	residue	additions	for	

many years without paying the consequences.

Do you remember that plowing a soil is similar to 

opening up the air intake on a wood stove? What we 

really want in soil is a slow, steady burn of the organic 

matter. You get that in a wood stove by adding wood 

every so often and making sure the air intake is on a 

medium setting. In soil, you get a steady burn by adding 

organic residues regularly and by not disturbing the soil 

too often or too greatly.

There are four general strategies for organic matter 

management. First, use crop residues more effectively 

and	find	new	sources	of	residues	to	add	to	soils.	New	

residues can include those you grow on the farm, such 

as cover crops, or those available from various local 

sources. Second, try to use a number of different types 

of materials—crop residues, manures, composts, cover 

crops, leaves, etc. It is important to provide varied 

residue sources to help develop and maintain a diverse 

group of soil organisms. Third, although use of organic 

materials from off farm can be a good source for build-

ing soil organic matter and adding nutrients, some farm-

ers	overload	their	fields	with	excess	nutrients	by	excess	

imports	of	organic	materials.	Crop	residues	(including	

cover crops) as well as on-farm-derived animal manures 

and composts help to supply organic materials and 

cycle nutrients without a buildup of excessive levels of 

nutrients. Fourth, implement practices that decrease the 

loss of organic matter from soils because of accelerated 

decomposition or erosion.

All practices that help to build organic matter levels 

either add more organic materials than in the past or 

decrease the rate of organic matter loss from soils. In 

addition, practices to build organic matter will usually 

enhance	beneficial	organisms	and/or	stress	pests	(table	

9.1).	Those	practices	that	do	both	may	be	especially	

useful. Practices that reduce losses of organic matter 

either slow down the rate of decomposition or decrease 

the amount of erosion. Soil erosion must be controlled 

to	keep	organic	matter–enriched	topsoil	in	place.	In	

addition, organic matter added to a soil must either 

match or exceed the rate of loss by decomposition. 

These additions can come from manures and composts 

brought	from	off	the	field,	crop	residues	and	mulches	

that remain following harvest, or cover crops. Reduced 

tillage lessens the rate of organic matter decomposition 

and also may result in less erosion. When reduced tillage 

increases crop growth and residues returned to soil, it is 

usually	a	result	of	better	water	infiltration	and	storage	

and less surface evaporation. It is not possible in this 

book	to	give	specific	management	recommendations	for	

chAPter 9 Managing For high-Quality soils

2014 Current Issue Study Packet pg 106



Building SoilS for Better CropS: SuStainaBle Soil ManageMent

89

all	situations.	In	chapters	10	through	16,	we	will	evaluate	

management options that enhance the soil environment 

and issues associated with their use. Most of these prac-

tices improve organic matter management, although 

they have many different types of effects on soils.

Using Organic Materials
Amounts of crop residues.	Crop	residues	are	usually	

the largest source of organic materials available to farm-

ers. The amount of crop residue left after harvest varies 

depending on the crop. Soybeans, potatoes, lettuce, 

and corn silage leave little residue. Small grains, on the 

other hand, leave more residue, while sorghum and corn 

harvested for grain leave the most. A ton or more of crop 

residues per acre may sound like a lot of organic mate-

rial being returned to the soil. However, keep in mind 

that after residues are decomposed by soil organisms, 

only	about	10–20%	of	the	original	amount	is	converted	

into stable humus.

The amount of roots remaining after harvest also can 

range	from	very	low	to	fairly	high	(table	9.2).	In	addition	

to the actual roots left at the end of the season, there 

are considerable amounts of sloughed-off root cells, as 

well as exudates from the roots during the season. This 

may actually increase the plant’s belowground inputs of 

organic	matter	by	another	50%.	Probably	the	most	effec-

tive way to increase soil organic matter is to grow crops 

with	large	root	systems.	Compared	to	aboveground	

residues, the organic material from roots decomposes 

more slowly, contributes more to stable soil organic 

matter, and, of course, does not have to be incorporated 

into the soil to achieve deep distribution. When no-till 

is used, root residues, along with root exudates given 

off when they were alive, tend to promote formation 

and stabilization of aggregates—more so than surface-

derived residue. One of the reasons that the many soils 

of the Midwest are so rich is that for thousands of years 

prairie plants with extensive and deep root systems grew 

there—annually contributing large quantities of organic 

matter deep into the soil.

Some farmers remove aboveground residues such 

as	small	grain	straw	from	the	field	for	use	as	animal	

chAPter 9 Managing For high-Quality soils

Table 9.1
Effects of Different Management Practices on Gains and Losses of Organic Matter, Beneficial Organisms, and Pests

Management Practice Gains  
Increase

Losses  
Decrease

Enhance Beneficials 
(EB), Stress Pests (SP)

Add materials (manures, composts, other organic materials) from off the field yes no EB, SP
Better utilize crop residue yes no EB
Include high-residue-producing crops in rotation yes no EB, SP
Include sod crops (grass/legume forages) in rotation yes yes EB, SP
Grow cover crops yes yes EB, SP
Reduce tillage intensity yes/no* yes EB
Use conservation practices to reduce erosion yes/no* yes EB

* Practice may increase crop yields, resulting in more residue.

Table 9.2
Estimated Root Residue Produced by Crops
Crop Estimated Root Residues (lbs/acre)

Native prairie 15,000–30,000
Italian ryegrass 2,600–4,500
Winter cereal 1,500–2,600

Red clover 2,200–2,600
Spring cereal 1,300–1,800

Corn 3,000–4,000
Soybeans 500–1,000

Cotton 500–900
Potatoes 300–600

Sources: Topp et al. (1995) and other sources.
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bedding or to make compost. Later, these residues 

return to contribute to soil fertility as manures or com-

posts.	Sometimes	residues	are	removed	from	fields	to	

be used by other farmers or to make another product. 

There is increasing interest in using crop residues as a 

feedstock for the production of biofuels. This activity 

could	cause	considerable	harm	to	soil	health	if	sufficient	

residues are not allowed to return to soils.

Burning of wheat, rice, and other crop residues in the 

field	still	occurs,	although	it	is	becoming	less	common	in	

the United States as well as in other countries. Residue 

is usually burned to help control insects or diseases or to 

make	next	year’s	fieldwork	easier.	Residue	burning	may	

be so widespread in a given area that it causes a local air 

pollution problem. Burning also diminishes the amount 

of organic matter returned to the soil and the amount of 

protection against raindrop impact.

Sometimes important needs for crop residues and 

manures may prevent their use in maintaining or 

building soil organic matter. For example, straw may 

be	removed	from	a	grain	field	to	serve	as	mulch	in	a	

strawberry	field.	These	trade-offs	of	organic	materials	

can sometimes cause a severe soil-fertility problem if 

allowed to continue for a long time. This issue is of much 

more widespread importance in developing countries, 

where resources are scarce. In those countries, crop resi-

dues and manures frequently serve as fuel for cooking or 

heating when gas, coal, oil, and wood are not available. 

In addition, straw may be used in making bricks or used 

as thatch for housing or to make fences. Although it is 

completely understandable that people in resource-poor 

regions use residues for such purposes, the negative 

effects of these uses on soil productivity can be substan-

tial. An important way to increase agricultural produc-

tivity	in	developing	countries	is	to	find	alternate	sources	

for fuel and building materials to replace the crop 

residues and manures traditionally used.

Using residues as mulches.	Crop	residues	or	

composts can be used as mulch on the soil surface. This 
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AboveGround croP resIdues
The amount of aboveground residue left in the field 

after harvest depends on the type of crop and its 

yield. The top table contains the amounts of residues 

found in California’s highly productive, irrigated San 

Joaquin Valley. These residue amounts are higher 

than would be found on most farms, but the relative 

amounts for the various crops are interesting.

Crop Residues in the  
San Joaquin Valley (California)

CROP TONS/ACRE

Corn (grain) 5

Broccoli 3

Cotton 2.5

Wheat (grain) 2.5

Sugarbeets 2

Safflower 1.5

Tomatoes 1.5

Lettuce 1

Corn (silage) .5

Garlic .5

Wheat (after baling) .25

Onions .25

Residues of Common Crops in the  
Midwest and Great Plains

CROP TONS/ACRE

Corn (120 bu.) 3.5

Sorghum (80 bu.) 2.5

Wheat (35 bu.) 2

Soybeans (35 bu.) less than 1

—FroM various sourCes

2014 Current Issue Study Packet pg 108



Building SoilS for Better CropS: SuStainaBle Soil ManageMent

91

occurs routinely in some reduced-tillage systems when 

high-residue-yielding crops are grown or when killed 

cover crops remain on the surface. In some small-scale 

vegetable and berry farming, mulching is done by apply-

ing straw from off site. Strawberries grown in the colder, 

northern parts of the country are routinely mulched 

with straw for protection from winter heaving. The straw 

is blown on in late fall and is then moved into the inter-

rows in the spring, providing a surface mulch during the 

growing season.

Mulching	has	numerous	benefits,	including:

•		 enhanced	water	availability	to	crops	due	to	better	infil-

tration into the soil and less evaporation from the soil 

(approximately	1/3	of	water	loss	in	dryland	irrigated	

agriculture is from evaporation from the soil, which 

can be greatly reduced by using a surface mulch)

•		 weed	control

•	 less	extreme	changes	in	soil	temperature

•		 reduced	splashing	of	soil	onto	leaves	and	fruits	

and vegetables (making them look better as well as 

reducing diseases)

•		 reduced	infestations	of	certain	pests	(Colorado	po-

tato beetles on potatoes and tomatoes are less severe 

when these crops are grown in a mulch system)

On the other hand, residue mulches in cold climates 

can delay soil warming in the spring, reduce early-season 

growth, and increase problems with slugs during wet 

periods. When it is important to get a rotation crop in 

early, you might consider using a low-residue crop like 

soybeans the previous year. Of course, one of the reasons 

for the use of plastic mulches (clear and black) for crops 

like tomatoes and melons is to help warm the soil.

chAPter 9 Managing For high-Quality soils

croP resIdues:  fueL vs. soIL orGAnIc MAtter
There is currently a huge effort under way to more efficiently 

convert structural plant material (cellulose) into fuel. As we write 

this, it is not commercially feasible yet—but this may change in 

the future. One of the dangers for soil health is that if the conver-

sion of plant structural material (not grain) to ethanol becomes 

commercially viable, there may be a temptation to use crop 

residues as an energy source, thus depriving the soil of needed or-

ganic inputs. For example, most aboveground corn residue needs 

to return to the soil to maintain the soil’s quality. It is estimated 

that between 2 and 5 tons of corn residue are needed to maintain 

a soil’s favorable properties. A long-term study in New York 

indicated that, at least for that particular soil, modest removal of cornstalks did not cause a deterioration of soil. However, we 

must be very cautious when considering removing crop residue as a routine practice. As the legendary soil scientist Hans Jenny 

put it in 1980, “I am arguing against indiscriminate conversion of biomass and organic wastes to fuels. The humus capital, which 

is substantial, deserves being maintained because good soils are a national asset.” 

If a perennial crop such as switchgrass is harvested to burn as an energy source or to convert into liquid fuel, at least soil 

organic matter may continue to increase because of the contributions of extensive root systems and the lack of tillage. On 

the other hand, large amounts of nitrogen fertilizer plus other energy-consuming inputs will reduce the conversion efficiency 

of switchgrass into liquid fuel.  

Partial removal of corn stover after harvest for use as biofuel.
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Residue management in arid and semiarid 

regions. In arid and semiarid regions water is usually 

the most common limitation to crop yields. For winter 

wheat in semiarid regions, for example, the available 

water	at	planting	often	foretells	final	yields	(figure	

9.1).	Thus,	in	order	to	provide	more	available	water	for	

crops, we want to use practices that help store more 

water in soils and keep it from evaporating directly to 

the atmosphere. Standing residue allows more snow 

to	be	maintained	in	the	field	after	being	deposited,	

significantly	increasing	available	soil	water	in	spring—

sunflower	stalks	used	in	this	way	can	increase	soil	water	

by 4 to 5 inches. And a mulch during the growing season 

helps both to store water from irrigation or rainfall and 

to keep it from evaporating. 

Effects of Residue Characteristics on Soil
Decomposition rates and effects on aggregation. 

Residues of various crops and manures have different 

properties and, therefore, have different effects on soil 

organic matter. Materials with low amounts of harder-

to-degrade hemicellulose, polyphenols, and lignin, such 

as cover crops (especially legumes) when still very green 

and	soybean	residue,	decompose	rapidly	(figure	9.2)	

and have a shorter-term effect on soil organic matter 

levels than residues with high levels of these chemicals 

(for example, cornstalks and wheat straw). Manures, 

especially those that contain lots of bedding (high in 

hemicellulose, polyphenols, and lignin), decompose 

more slowly and tend to have more long-lasting effects 

on total soil organic matter than crop residues and 

manures without bedding. Also, cows—because they 

eat a diet containing lots of forages that are not com-

pletely decomposed during digestion—produce manure 

with longer-lasting effects on soils than nonruminants, 

such as chickens and hogs, that are fed exclusively a 

high-grain	and	low-fiber	diet.	Composts	contribute	

little active organic matter to soils but add a lot of well-

decomposed	materials	(figure	9.2).

In general, residues containing a lot of cellulose  

and other easy-to-decompose materials will have a 

greater effect on soil aggregation than compost, which 

has already undergone decomposition. Because aggre-

gates are formed from by-products of decomposition by 

soil organisms, organic additions like manures, cover 

crops, and straw will usually enhance aggregation more 
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Figure 9.2. Different types of residues have varying effects on soils 
(thicker lines indicate more material, dashed lines indicate very small 
percentage). Modified from Oshins and Drinkwater (1999).
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Figure 9.1. Relationship between winter wheat grain yield and soil water 
at wheat planting over six years. Modified from Nielsen et al. (2002). 
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than compost. (However, adding compost does improve 

soils in many ways, including increasing the water-

holding capacity.)

Although it’s important to have adequate amounts 

of organic matter in soil, that isn’t enough. A variety of 

residues are needed to provide food to a diverse popula-

tion of organisms, provide nutrients to plants, and fur-

nish materials that promote aggregation. Residues low 

in hemicellulose and lignin usually have very high levels 

of plant nutrients. On the other hand, straw or saw-

dust (containing a lot of lignin) can be used to build up 

organic	matter,	but	a	severe	nitrogen	deficiency	and	an	

imbalance in soil microbial populations will occur unless 

a readily available source of nitrogen is added at the 

same	time	(see	discussion	of	C:N	ratios	below).	In	addi-

tion,	when	insufficient	N	is	present,	less	of	the	organic	

material added to soils actually ends up as humus.

C:N ratio of organic materials and nitrogen 

availability. The ratio of the amount of a residue’s 

carbon	to	the	amount	of	its	nitrogen	influences	nutri-

ent availability and the rate of decomposition. The 

ratio,	usually	referred	to	as	the	C:N	ratio,	may	vary	

from	around	15:1	for	young	plants,	to	between	50:1	and	

80:1	for	the	old	straw	of	crop	plants,	to	over	100:1	for	

sawdust.	For	comparison,	the	C:N	ratio	of	soil	organic	

matter	is	usually	in	the	range	of	about	10:1	to	12:1,	and	

the	C:N	of	soil	microorganisms	is	around	7:1.

The	C:N	ratio	of	residues	is	really	just	another	way	of	

looking	at	the	percentage	of	nitrogen	(figure	9.3).	A	high	

C:N	residue	has	a	low	percentage	of	nitrogen.	Low	C:N	

residues have relatively high percentages of nitrogen. 

Crop	residues	usually	average	40%	carbon,	and	this	

figure	doesn’t	change	much	from	plant	to	plant.	On	the	

other hand, nitrogen content varies greatly depending 

on the type of plant and its stage of growth.

If you want crops to grow immediately following the 

application of organic materials, care must be taken to 

make nitrogen available. Nitrogen availability from resi-

dues varies considerably. Some residues, such as fresh, 

young, and very green plants, decompose rapidly in the 

soil and, in the process, may readily release plant nutri-

ents. This could be compared to the effect of sugar eaten 

by humans, which results in a quick burst of energy. 

Some of the substances in older plants and in the woody 

portion of trees, such as lignin, decompose very slowly 

in soils. Materials such as sawdust and straw, mentioned 

above, contain little nitrogen. Well-composted organic 

residues also decompose slowly in the soil because they 

are	fairly	stable,	having	already	undergone	a	significant	

amount of decomposition.

Mature	plant	stalks	and	sawdust	that	have	C:N	over	

40:1	(table	9.3)	may	cause	temporary	problems	for	

plants.	Microorganisms	using	materials	that	contain	1%	

nitrogen (or less) need extra nitrogen for their growth 

and reproduction. They will take the needed nitrogen 

from the surrounding soil, diminishing the amount 

of nitrate and ammonium available for crop use. This 

reduction of soil nitrate and ammonium by microorgan-

isms	decomposing	high	C:N	residues	is	called	immobili-

zation of nitrogen.

When microorganisms and plants compete for scarce 

nutrients, the microorganisms usually win, because 
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Figure 9.3. Nitrogen release and immobilization with changing nitrogen 
content. Based on data of Vigil and Kissel (1991).
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they are so well distributed in the soil. Plant roots are 

in	contact	with	only	1–2%	of	the	soil	volume,	whereas	

microorganisms populate almost the entire soil. The 

length of time during which the nitrogen nutrition of 

plants is adversely affected by immobilization depends 

on	the	quantity	of	residues	applied,	their	C:N	ratio,	

and	other	factors	influencing	microorganisms,	such	as	

fertilization practices, soil temperature, and moisture 

conditions.	If	the	C:N	ratio	of	residues	is	in	the	teens	or	

low	20s,	corresponding	to	greater	than	2%	nitrogen,	there	

is more nitrogen present than the microorganisms need 

for residue decomposition. When this happens, extra 

nitrogen becomes available to plants fairly quickly. Green 

manure crops and animal manures are in this group. 

Residues	with	C:N	in	the	mid	20s	to	low	30s,	correspond-

ing	to	about	1–2%	nitrogen,	will	not	have	much	effect	on	

short-term nitrogen immobilization or release.

Sewage sludge on your fields? In theory, using 

sewage sludge—commonly called biosolids—on agri-

cultural land makes sense as a way to resolve problems 

related to people living in cities, far removed from the 

land that grows their food. However, there are some 

troublesome issues associated with agricultural use of 

sludges. By far, the most important problem is that they 

frequently contain contaminants from industry and 

from various products used around the home. Although 

many of these metal contaminants naturally occur at 

low levels in soils and plants, their high concentrations 

in some sludges create a potential hazard. The U.S. 

standards for toxic materials in sludges are much more 

lenient than those in some other industrialized countries 

and permit higher loading of potentially toxic metals. 

So, although you are allowed to use many sludges, you 

should carefully examine a sludge’s contents before 

applying it to your land.

Another issue is that sludges are produced by varied 

processes and, therefore, have different properties. 

Most sludges are around neutral pH, but, when added 

to	soils,	cause	some	degree	of	acidification,	as	do	most	

nitrogen fertilizers. Because many of the problem met-

als are more soluble under acidic conditions, the pH 

of soils receiving these materials should be monitored 

and	maintained	at	around	6.8	or	above.	On	the	other	

hand, lime (calcium hydroxide and ground limestone 

used together) is added to some sludges to raise the pH 

and kill disease bacteria. The resulting “lime-stabilized” 

sludge has extremely high levels of calcium, relative to 

potassium and magnesium. This type of sludge should 

be used primarily as a liming source, and levels of 

magnesium and potassium in the soil carefully moni-

tored to be sure they are present in reasonable amounts, 

compared with the high levels of added calcium.

The use of “clean” sludges—those containing low lev-

els of metal and organic contaminants—for agronomic 

crops is certainly an acceptable practice. Sludges should 

not be applied to soils when growing crops for direct 

human consumption unless it can be demonstrated that, 

in addition to low levels of potentially toxic materials, 

organisms dangerous to humans are absent.

Application rates for organic materials. The 

amount of residue added to a soil is often determined by 

the cropping system. The crop residues can be left on the 

surface or incorporated by tillage. Different amounts of 

chAPter 9 Managing For high-Quality soils

Table 9.3
C:N Ratios of Selected Organic Materials 

Material c:N
Soil 10–12
Poultry manure 10
Clover and alfalfa (early) 13
Compost 15
Dairy manure (low bedding) 17
Alfalfa hay 20
Green rye 36
Corn stover 60
Wheat, oat, or rye straw 80
Oak leaves 90
Fresh sawdust 400
Newspaper 600

Note: Nitrogen is always 1 in the ratios.
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residue will remain under different crops, rotations, or 

harvest practices. For example, 3 or more tons per acre of 

leaf,	stalk,	and	cob	residues	remain	in	the	field	when	corn	

is harvested for grain depending on yield. If the entire 

plant is harvested to make silage, there is little left except 

the roots.

When “imported” organic materials are brought 

to	the	field,	you	need	to	decide	how	much	and	when	

to apply them. In general, application rates of these 

residues will be based on their probable contribution to 

the nitrogen nutrition of plants. We don’t want to apply 

too much available nitrogen because it will be wasted. 

Nitrate from excessive applications of organic sources 

of fertility may leach into groundwater just as easily as 

nitrate originating from purchased synthetic fertilizers. 

In addition, excess nitrate in plants may cause health 

problems for humans and animals.

Sometimes the fertility contribution of phosphorus 

may be the main factor governing application rates of 

organic material. Excess phosphorus entering lakes 

can cause an increase in the growth of algae and other 

aquatic weeds, decreasing water quality for drinking and 

recreation. In locations where this occurs, farmers  

must be careful to avoid loading the soil with too  

much phosphorus, from either commercial fertilizers  

or organic sources.

Effects of residue and manure accumula-

tions. When any organic material is added to soil, 

it	decomposes	relatively	rapidly	at	first.	Later,	when	

only resistant parts (for example, straw stems high in 

lignin) are left, the rate of decomposition decreases 

greatly. This means that although nutrient availability 

diminishes each year after adding a residue to the soil, 

there	are	still	long-term	benefits	from	adding	organic	

materials. This can be expressed by using a “decay 

series.”	For	example,	50,	15,	5,	and	2%	of	the	amount	of	

nitrogen	added	in	manure	may	be	released	in	the	first,	

second, third, and fourth years following addition to 

soils.	In	other	words,	crops	in	a	regularly	manured	field	

get some nitrogen from manure that was applied in past 

years.	So,	if	you	are	starting	to	manure	a	field,	somewhat	

more	manure	will	be	needed	in	the	first	year	than	will	

be needed in years 2, 3, and 4 to supply the same total 

amount of nitrogen to a crop. After some years, you may 
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c:n rAtIo of ActIve orGAnIc MAtter
As residues are decomposed by soil organisms, carbon 

is lost as CO2, while nitrogen is mostly conserved. 

This causes the C:N ratio of decomposing residues 

to decrease. Although the ratio for most agricultural 

soils is in the range of 10:1 to 12:1, the different types of 

organic matter within a soil have different ratios. The 

larger particles of soil organic matter have higher C:N 

ratios, indicating that they are less decomposed than 

smaller fractions (see figure 9.4, right). Microscopic 

evidence also indicates that the larger fractions are less 

decomposed than the smaller particles. 
Figure 9.4. C:N ratio of different-size fractions of organic matter.  
From F. Magdoff, unpublished data, average for three soils.
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need only half of the amount used to supply all the nitro-

gen	needs	in	the	first	year.	However,	it	is	not	uncommon	

to	find	farmers	who	are	trying	to	build	up	high	levels	

of organic matter actually overloading their soils with 

nutrients, with potential negative effects on crop quality 

and the environment. Instead of reducing the amount of 

off-farm residue with time, they use a standard amount 

annually. This may lead to excess amounts of nitrate, 

lessening the quality of many plants and harming 

groundwater, as well as excess amounts of phosphorus, 

a potential surface water pollution problem.

Organic Matter Management on  
Different Types of Farms
Animal-based farms. It is certainly easier to 

maintain soil organic matter in animal-based agri-

cultural systems. Manure is a valuable by-product of 

having animals. Animals also can use sod-type grasses 

and legumes as pasture, hay, and haylage (hay stored 

under airtight conditions so that some fermentation 

occurs). It is easier to justify putting land into peren-

nial forage crops for part of a rotation when there is an 

economic use for the crops. Animals need not be on the 

farm to have positive effects on soil fertility. A farmer 

may grow hay to sell to a neighbor and trade for some 

animal manure from the neighbor’s farm, for example. 

Occasionally, formal agreements between dairy farmers 

and vegetable growers lead to cooperation on crop rota-

tions and manure application.

Systems without animals. It is more challeng-

ing, although not impossible, to maintain or increase 

soil organic matter on non-livestock farms. It can be 

done by using reduced tillage, intensive use of cover 

crops, intercropping, living mulches, rotations that 

include crops with high amounts of residue left after 

harvest, and attention to other erosion-control prac-

tices. Organic residues, such as leaves or clean sewage 

sludges, can sometimes be obtained from nearby cities 

and towns. Straw or grass clippings used as mulch also 

add organic matter when they later become incorpo-

rated into the soil by plowing or by the activity of soil 

organisms. Some vegetable farmers use a “mow-and-

blow” system in which crops are grown on strips for the 

purpose of chopping them and spraying the residues 

onto an adjacent strip. When you use off-farm organic 

materials such as composts and manures, soil should 

be tested regularly to ensure that it does not become 

overloaded with nutrients.

chAPter 9 Managing For high-Quality soils

MAIntAInInG orGAnIc MAtter In sMALL GArdens
There are a number of different ways that home gardeners can maintain soil organic matter. One of the easiest is using lawn 

grass clippings for mulch during the growing season. The mulch can then be worked into the soil or left on the surface to de-

compose until the next spring. Leaves can be raked up in the fall and applied to the garden. Cover crops can be used on small 

gardens. Of course, manures, composts, or mulch straw can also be purchased.

There are a growing number of small-scale market gardeners, many with insufficient land to rotate into a sod-type crop. They 

also may have crops in the ground late into the fall, making cover cropping a challenge. One possibility is to establish cover 

crops by overseeding after the last crop of the year is well established. Another source of organic materials—grass clippings—

is probably in short supply compared with the needs of cropped areas but is still useful. It might also be possible to obtain 

leaves from a nearby town. These can either be directly applied and worked into the soil or be composted first. As with home 

gardeners, market gardeners can purchase manures, composts, and straw mulch, but they should get volume discounts on the 

amounts needed for an acre or two.
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MAINTAININg SOIl bIODIVERSITY
The role of diversity is critical to maintaining a well-

functioning and stable agriculture. Where many differ-

ent types of organisms coexist, there are fewer disease, 

insect, and nematode problems. There is more competi-

tion for food and a greater possibility that many types of 

predators will be found. This means that no single pest 

organism will be able to reach a population high enough 

to cause a major decrease in crop yield. We can promote 

a diversity of plant species growing on the land by using 

cover crops, intercropping, and crop rotations. However, 

don’t forget that diversity below the soil surface is as 

important as diversity above ground. Growing cover 

crops and using crop rotations help maintain the diversity 

below ground, but adding manures and composts and 

making sure that crop residues are returned to the soil are 

also critical for promoting soil organism diversity.

bESIDES ORgANIc MATTER MANAgEMENT
Although enhanced soil organic matter management 

practices go a long way to helping all aspects of soil 

health, other practices are needed to maintain an 

enhanced physical and chemical environment. Plants 

thrive in a physical environment that allows roots to 

actively explore a large area, gets all the oxygen and 

water needed, and maintains a healthy mix of organ-

isms. Although the soil’s physical environment is 

strongly	influenced	by	organic	matter,	the	practices	and	

equipment used—from tillage to planting to cultivation 

to harvest—have a major impact. If a soil is too wet—

whether it has poor internal drainage or receives too 

much water—some remedies are needed to grow high-

yielding and healthy crops. Also, erosion—whether by 

wind or water—is an environmental hazard that needs to 

be kept as low as possible. Erosion is most likely when 

the	surface	of	a	soil	is	bare	and	doesn’t	contain	sufficient	

medium- to large-size water-stable aggregates. Practices 

for management of soil physical properties are discussed 

in	chapters	14	to	17.

Many of the practices that build up and maintain soil 

organic matter enrich the soil with nutrients or make 

it easier to manage nutrients in ways that satisfy crop 

needs and are also environmentally sound. For example, 

a legume cover crop increases a soil’s active organic 

matter and reduces erosion, but it also adds nitrogen 

that	can	be	used	by	the	next	crop.	Cover	crops	and	deep-

rooted rotation crops help to cycle nitrate, potassium, 

calcium, and magnesium that might be lost to leaching 

below crop roots. Importing mulches or manures onto 

the farm also adds nutrients along with the organic 

materials.	However,	specific	nutrient	management	prac-

tices are needed, such as testing manure and checking 

its nutrient content before applying additional nutrient 

sources. Other examples of nutrient management prac-

tices not directly related to organic matter management 

include applying nutrients timed to plant needs, liming 

acidic soils, and interpreting soil tests to decide on the 

appropriate amounts of nutrients to apply (see chapters 

18	to	21).	Development	of	farm	nutrient	management	

plans and watershed partnerships improves soil while 

also protecting the local environment. And as discussed 

above, it is possible to overload soils with nutrients 

by bringing large quantities of organic materials such 

as manures or composts from off the farm for routine 

annual applications.

SUMMARY
Improved soil organic matter management is at the 

heart of building better soils—creating a habitat below 

the ground that is suited to optimal root development 

and health. This means adding adequate annual quanti-

ties, tons per acre, of a variety of organic materials—

crop residue, manure, composts, leaves, etc.—while not 

overloading the soil with nutrients from off the farm. It 

also means reducing the losses of soil organic matter as 

the result of excess tillage or erosion. But we’re not just 

interested in the amount of organic matter in soil. Even 

if the organic matter content of the soil doesn’t increase 

chAPter 9 Managing For high-Quality soils
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greatly—and	it	takes	a	while	to	find	out	whether	it’s	

increasing—better management will provide more active 

(particulate or “dead”) organic matter that fuels the 

complex soil web of life, helps in formation of soil aggre-

gates,	and	provides	plant	growth–stimulating	chemicals,	

as well as reducing plant pest pressures. For a variety of 

reasons, it is easier to build and maintain higher levels 

of organic matter in animal-based systems than in those 

growing only crops. However, there are ways to improve 

organic matter management in any cropping system.
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Farming	118	acres	in	what	has	recently	become	a	bedroom	

community of Philadelphia, Bob Muth and his wife, 

Leda,	raise	a	wide	range	of	vegetables,	small	fruits,	flow-

ers, and hay, which are sold to wholesalers and through 

a	325-member	CSA	(community-supported	agriculture).

Muth’s operation is based on his passion for soil 

building. Since he took over running the family farm 

twenty-two years ago, Muth has spread thick layers of 

leaf mulch, provided for free by his local municipality, 

at	the	home	farm,	on	rented	fields,	and,	eventually,	on	

additional purchased tracts of land. Mulching forms 

part of a rotation scheme that he devised early on and 

to	which	he	has	remained	faithful:	Only	a	fifth	of	his	

tillable acreage is planted in cash crops each year; the 

remaining area is put into pasture or cover crops. “When 

I started mulching and using this rotation, my [farmer] 

neighbors thought I was losing my marbles,” he says. 

“The prevalent idea at the time was that you had to farm 

a lot of acreage as intensively as possible.”

Muth’s	rotation—a	high-value	crop	the	first	year,	fol-

lowed by a leaf application the second year, two to three 

years of a hay and sudex pasture, and ending with a year 

of a rye-vetch cover crop—really boosts the quality of 

his sandy soils. “With this strategy, I get all the posi-

tive	indicators	such	as	high	CEC,	organic	matter,	and	

nutrient levels, including enough N to grow good-quality 

crops without a lot of inputs,” he says.

Muth	tests	the	soil	in	his	fields	annually	and	care-

fully monitors changes in the data. “I like having hard 

numbers	to	back	up	what	I’m	observing	in	the	field	and	

to make good decisions as the years go by,” he says. 

Such careful attention to detail has led him to reduce 

the	thickness	of	leaf	applications	once	fields	have	cycled	

a few times through his rotation, in order to keep soil 

organic	matter	within	an	optimum	range	of	3.5–5%.	

“Anything higher than that, and I risk nutrient leach-

ing,” he notes.

Muth likes to use drip irrigation to reduce plant 

stress	and	disease	and	improve	water	use	efficiency.	

“Water shortage is my biggest issue on the home farm, 

where	I’ve	got	a	well	that	pumps	only	20–22	gallons	a	

minute,” he says. A residential development boom on 

the land surrounding his farm in recent years has drasti-

cally reduced the available groundwater. He says, “You 

have	to	be	creative	about	breaking	up	your	fields	into	

zones in order to make water do what you need it to do.” 

Muth relies on a range of IPM (integrated pest man-

agement) techniques for pest and disease control. He 

scouts	his	fields	daily	and	takes	notes	of	his	observations	

throughout each cropping cycle. “It’s worth investing 

in a jeweler’s loop,” he advises, “because it’s the pests 

that	are	most	difficult	to	see—like	the	white	flies,	spider	

mites, and thrips—that will get you.” He regularly plants 

trap-crop	borders	around	his	high-value	crop	fields,	

which enable him to monitor pest populations and 

determine when and how much to spray. For example, 

he suggests using red kale or mizuna as a trap crop to 

prevent tarnished plant bug damage on savoy cabbage.

“You	have	to	figure	out	what	[pests]	require	in	their	

life cycles and disrupt them,” he says. After several years 

of observation, “you begin to recognize if you’ve got a 

crop	for	which	you	haven’t	figured	out	a	good	control	

strategy.”

Muth	likes	to	encourage	beneficial	insect	populations	

by	leaving	flowering	strips	of	cover	crops	unmowed	

on	the	borders	of	his	crop	fields.	He	has	found	that	

bob Muth
glouCester County, neW Jersey

a case study

2014 Current Issue Study Packet pg 117



building soils For better CroPs: sustainable soil ManageMent

100

interplanting cover crops—adding buckwheat and dill 

to	vetch,	for	example—significantly	extends	bloom	time,	

thus	fostering	multiple	generations	of	beneficial	insects.

In	high	tunnels,	where	he	grows	berries	and	flowers,	

he controls aphids and spider mites by releasing preda-

tory	mites.	He	selected	a	special	film	to	cover	the	tunnels	

that enhances light diffusion, reduces condensate drip 

from the ceiling and purlins, and helps prevent over-

heated conditions, ensuring an overall superior growing 

environment.

“There are so many things you can do to help 

yourself,” he says. He has learned how to prevent 

early-season pythium rot by waiting to plant crops until 

a preceding rye-vetch cover is fully broken down and 

the soil warms up. He keeps pythium—which also likes 

hot and wet conditions—in check later in the season by 

planting	crops	out	on	highly	reflective	metallic	plastic	

mulch, under which soil temperatures are lower relative 

to those that occur under other colors of plastic mulch. 

The shiny mulch also repels aphids and thrips, Muth 

notes. As an added bonus, he says that by diffusing more 

light into the plant canopy, the mulch boosts the color 

intensity (and marketability) of his produce.

Overall, instead of adhering to a strict spray sched-

ule, which “may control one critter but make things 

worse	if	you	also	kill	your	beneficials	in	the	process,”	

Muth suggests “layering together” different types of 

controls, such as improving soil quality, putting up bat 

houses,	creating	insectaries	of	flowering	covers,	using	

sprays judiciously, and letting pest and disease manage-

ment strategies evolve as time goes by.

Muth’s decisions to “go with a good soil building 

program” and IPM methods have smoothed his gradual 

transition	of	acreage	into	certified	organic	production.	

“When I started getting into organics, people told me, 

‘Bob, you better be careful or you’re going to end up with 

buggy stuff that’s full of disease that people don’t want.’ 

But I haven’t seen any of that,” he says. “I haven’t been 

overwhelmed; in general, pests and disease levels on my 

farm amount to no more than a minor annoyance.”

Encouraged by his success and customer demand, 

Muth	is	applying	his	expertise	to	figuring	out	how	to	

grow	more	“difficult”	crops	organically.	For	example,	

when area specialists said that growing organic super 

sweet	corn	in	New	Jersey	would	be	impossible,	he	

could not resist the challenge. “We decided to start our 

corn plugs in the greenhouse,” he says, noting that “the 

people at Rutgers thought this was revolutionary.” He 

transplants corn plugs out after ten or eleven days (to 

prevent plugs from becoming pot-bound, which reduces 

ear length) onto plastic mulch and keeps row covers over 

the	plants	until	they	are	12	to	18	inches	tall.	Such	strate-

gies effectively foil corn earworm and corn borers, Muth 

says. “You can grow corn early, scout it closely, and with 

spot use of approved sprays for organic production, get 

three weeks of absolutely clean, fantastic-quality organic 

corn	in	July.”	His	customers	are	thrilled	and	are	willing	

to pay him a premium price for the fruits of his discov-

ery. Muth says he hopes to crack the mystery of how to 

produce high-quality organic peaches next.

With so many new techniques emerging, and con-

sumers increasingly interested in buying locally and 

organically produced food, Muth says this is “an exciting 

time to be in agriculture.” “If you’re savvy, you can farm 

a small piece of land and make a good living.”

“I wish I was twenty-one again,” he says, “because I’d 

do it all over again. It’s a pleasure to get out there and 

get to work.”

—uPdated by aMy kreMen

As an added bonus, he says that by  

diffusing more light into the plant canopy,  

the mulch boosts the color intensity  

(and marketability) of his produce.
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Chapter 10

Cover CroPs

Where no kind of manure is to be had, I think the cultivation of lupines will be found  

the readiest and best substitute. If they are sown about the middle of September in a poor soil,  

and then plowed in, they will answer as well as the best manure.

—ColuMella, 1st Century, roMe

Cover	crops	have	been	used	to	improve	soil	and	

the	yield	of	subsequent	crops	since	antiquity.	Chinese	

manuscripts indicate that the use of green manures is 

probably more than 3,000 years old. Green manures 

were also commonly used in ancient Greece and Rome. 

Today, there is a renewed interest in cover crops, and 

they are becoming important parts of many farmers’ 

cropping systems.

Three different terms are used to describe crops 

grown	specifically	to	help	maintain	soil	fertility	and	

productivity instead of for harvesting: green manures, 

cover crops, and catch crops. The terms are sometimes 

used interchangeably and are best thought of from the 

grower’s perspective. A green manure crop is usually 

grown to help maintain soil organic matter and increase 

nitrogen availability. A cover crop is grown mainly to 

prevent soil erosion by covering the ground with living 

vegetation and living roots that hold on to the soil. This, 

of course, is related to managing soil organic matter, 

because the topsoil lost during erosion contains the 

most organic matter of any soil layer. A catch crop is 

grown to retrieve available nutrients still in the soil fol-

lowing an economic crop and prevents nutrient leaching 

over the winter.

Sometimes which term to use is confusing. We usu-

ally have more than one goal when we plant these crops 

during or after our main crop, and plants grown for one 

of these purposes may also accomplish the other two 

goals. The question of which term to use is not really 

important, so in our discussion below, the term cover 

crop will be used.

Cover	crops	are	usually	killed	on	the	surface	or	

incorporated into the soil before they mature. (This 

is the origin of the term green manure.) Since annual 

cover crop residues are usually low in lignin content and 

high in nitrogen, they decompose rapidly in the soil.

Photo by Tim McCabe
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bENEFITS OF cOVER cROPS
Cover	crops	provide	multiple	potential	benefits	to	soil	

health and the following crops, while also helping main-

tain	cleaner	surface	and	groundwater	(figure	10.1).	They	

prevent erosion, improve soil physical and biological 

properties, supply nutrients to the following crop, sup-

press weeds, improve soil water availability, and break 

pest cycles. Some cover crops are able to break into 

compacted soil layers, making it easier for the following 

crop’s	roots	to	more	fully	develop.	The	actual	benefits	

from a cover crop depend on the species and productiv-

ity of the crop you grow and how long it’s left to grow 

before the soil is prepared for the next crop.

Organic matter. Grass cover crops are more likely 

than legumes to increase soil organic matter. The more 

residue you return to the soil, the better the effect on 

soil organic matter. The amount of residue produced by 

the cover crop may be very small, as little as half a ton 

of dry matter per acre. This adds some active organic 

matter, but because most of it decomposes rapidly after 

the crop is killed, there is no measurable effect on the 

total amount of organic matter present. On the other 

hand, good production of hairy vetch or crimson clover 

cover	crops	may	yield	from	1	1/2	to	more	than	4	tons	of	

dry weight per acre. If a crop like winter rye is grown to 

maturity, it can produce 3 to 5 tons of residue.

A	five-year	experiment	with	clover	in	California	

showed that cover crops increased organic matter in the 

top	2	inches	from	1.3%	to	2.6%	and	in	the	2-	to	6-inch	

layer	from	1%	to	1.2%.	Some	researchers	have	found	that	

cover crops do not seem to increase soil organic mat-

ter. Low-growing cover crops that don’t produce much 

organic matter may not be able to counter the depleting 

effects of some management practices, such as intensive 

tillage.	Even	if	they	don’t	significantly	increase	organic	

matter levels, cover crops help prevent erosion and add at 

least some residues that are readily used by soil organisms.

Cover	crops	help	maintain	high	populations	of	

mycorrhizal fungi spores during the fallow period 

between main crops. The fungus also associates with 

almost all cover crops, which helps maintain or improve 

inoculation of the next crop. (As discussed in chapter 4, 

mycorrhizal fungi help promote the health of many crop 

plants in a variety of ways and also improve soil aggre-

gation.)	Cover	crop	pollen	and	nectar	can	be	important	

food sources for predatory mites and parasitic wasps, 

both important for biological control of insect pests. A 

cover crop also provides a good habitat for spiders, and 

these general insect feeders help decrease pest popula-

tions. Use of cover crops in the Southeast has reduced 

the incidence of thrips, bollworm, budworm, aphids, 

fall	armyworm,	beet	armyworm,	and	white	flies.	Living	

cover crop plants and their residues also increase water 

infiltration	into	soil,	thus	compensating	for	the	water	

that cover crops use.

SElEcTION OF cOVER cROPS
Before growing cover crops, you need to ask yourself 

some questions:

•		 What	type	of	crop	should	I	plant?

•		 When	and	how	should	I	plant	the	crop?

•		 When	should	the	crop	be	killed	or	incorporated	into	

the soil?
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Figure 10.1. Cover crops have multiple benefits.
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When you select a cover crop, you should consider 

the soil conditions, climate, and what you want to 

accomplish by answering these questions:

•		 Is	the	main	purpose	to	add	available	nitrogen	to	the	

soil, or to scavenge nutrients and prevent loss from 

the system? (Legumes add N; other cover crops take 

up available soil N.)

•		 Do	you	want	your	cover	crop	to	provide	large	

amounts of organic residue?

•		 Do	you	plan	to	use	the	cover	crop	as	a	surface	mulch,	

or incorporate it into the soil?

•	 Is	erosion	control	in	the	late	fall	and	early	spring	

your primary objective?

•		 Is	the	soil	very	acidic	and	infertile,	with	low	avail-

ability of nutrients?

•		 Does	the	soil	have	a	compaction	problem?	(Some	

species, such as sudan grass, sweet clover, and 

forage radish, are especially good for alleviating 

compaction.)

•		 Is	weed	suppression	your	main	goal?	(Some	species	

establish rapidly and vigorously, while some also 

chemically inhibit weed seed germination.)

•		 Which	species	are	best	for	your	climate?	(Some	 

species are more winter-hardy than others.) 

•		 Will	the	climate	and	water-holding	properties	of	

your soil cause a cover crop to use so much water 

that it harms the following crop?

•		 Are	root	diseases	or	plant-parasitic	nematodes	prob-

lems that you need to address? (Winter [cereal] rye, 

for example, has been found to suppress a number of 

nematodes in various cropping systems.)

In most cases, there are multiple objectives and 

multiple choices for cover crops.

TYPES OF cOVER cROPS
Many types of plants can be used as cover crops. 

Legumes and grasses (including cereals) are the most 

extensively used, but there is increasing interest in 

brassicas (such as rape, mustard, and forage radish) and 

continued interest in others, such as buckwheat. Some 

of the most important cover crops are discussed below.

Legumes
Leguminous crops are often very good cover crops. 

Summer annual legumes, usually grown only during 

the summer, include soybeans, peas, and beans. Winter 

annual legumes that are normally planted in the fall 

and counted on to overwinter include Austrian winter 

field	peas,	crimson	clover,	hairy	vetch,	and	subterra-

nean	clover.	Some,	like	crimson	clover	and	field	peas,	

can overwinter only in regions with mild frost. Berseem 

clover	will	overwinter	only	in	hardiness	zones	8	and	

above. Hairy vetch is able to withstand fairly severe 

winter weather. Biennials and perennials include red 

clover,	white	clover,	sweet	clover,	and	alfalfa.	Crops	

usually used as winter annuals can sometimes be grown 

as summer annuals in cold, short-season regions. Also, 

summer annuals that are easily damaged by frost, such 

as cowpeas, can be grown as a winter annual in the deep 

southern United States.

One of the main reasons for selecting legumes 

as	cover	crops	is	their	ability	to	fix	nitrogen	from	the	

atmosphere and add it to the soil. Legumes that produce 

a substantial amount of growth, such as hairy vetch and 

crimson	clover,	may	supply	over	100	pounds	of	nitrogen	

per	acre	to	the	next	crop.	Legumes	such	as	field	peas,	big-

flower	vetch,	and	red	clover	usually	supply	only	30	to	80	

pounds of available nitrogen. Legumes also provide other 

benefits,	including	attracting	beneficial	insects,	helping	

control erosion, and adding organic matter to soils.

Inoculation. If you grow a legume as a cover crop, 

don’t forget to inoculate seeds with the correct nitrogen-

fixing	bacteria.	Different	types	of	rhizobial	bacteria	are	

specific	to	certain	crops.	There	are	different	strains	for	

alfalfa, clovers, soybeans, beans, peas, vetch, and cow-

peas. Unless you’ve recently grown a legume from the 

same general group you are currently planting, inoculate 

the seeds with the appropriate commercial rhizobial 
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inoculant before planting. The addition of water or milk 

to the seed-inoculant mix helps the bacteria stick to the 

seeds. Plant right away, so the bacteria don’t dry out. 

Inoculants are readily available only if they are com-

monly used in your region. It’s best to check with your 

seed supplier a few months before you need the inocu-

lant,	so	it	can	be	specially	ordered	if	necessary.	Keep	in	

mind that the “garden inoculant” sold in many garden 

stores	may	not	contain	the	specific	bacteria	you	need;	so	

be	sure	to	find	the	right	one	for	the	crop	you	are	growing	

and keep it refrigerated until used.

Winter Annual Legumes
Crimson clover is considered one of the best cover 

crops for the southeastern United States. Where 

adapted, it grows in the fall and winter and matures 

more rapidly than most other legumes. It also contrib-

utes a relatively large amount of nitrogen to the follow-

ing crop. Because it is not very winter-hardy, crimson 

clover is not usually a good choice for the regions where 

significant	frost	occurs.	In	northern	regions,	crimson	

clover can be grown as a summer annual, but that pre-

vents	an	economic	crop	from	growing	during	that	field	

season.	Varieties	like	Chief,	Dixie,	and	Kentucky	Select	

are somewhat winter-hardy if established early enough 

before	winter.	Crimson	clover	does	not	grow	well	on	

high-pH (calcareous) or poorly drained soils.

Field peas are grown in colder climates as a sum-

mer annual and as a winter annual over large sections of 

the	South	and	California.	They	have	taken	the	place	of	

fallow in some dryland, small-grain production systems. 

Also	called	Austrian	winter	peas	and	Canadian	field	

peas, they tend to establish quickly and grow rapidly 

in	cool	moist	climates,	producing	a	significant	amount	

of	residue—2	1/2	tons	or	more	of	dry	matter.	They	fix	

plentiful	amounts	of	nitrogen,	from	100	to	150	or	more	

pounds per acre.

Hairy vetch is winter-hardy enough to grow well 

in areas that experience hard freezing. Where adapted, 

hairy vetch produces a large amount of vegetation and 

fixes	a	significant	amount	of	nitrogen,	contributing	100	

pounds of nitrogen per acre or more to the next crop. 

Hairy vetch residues decompose rapidly and release 

nitrogen more quickly than most other cover crops. This 

can be an advantage when a rapidly growing, high-

nitrogen-demand crop follows hairy vetch. Hairy vetch 

will do better on sandy soils than many other green 

manures, but it needs good soil potassium levels to be 

most productive.

Subterranean clover is a warm-climate winter 

annual that, in many situations, can complete its life 

cycle before a summer crop is planted. When used this 

way, it doesn’t need to be suppressed or killed and does 

not compete with the summer crop. If left undisturbed, 

it will naturally reseed itself from the pods that mature 

below ground. Because it grows low to the ground and 

does not tolerate much shading, it is not a good choice to 

interplant with summer annual row crops.

Summer Annual Legumes
Berseem clover is an annual crop that is grown as a 

summer annual in colder climates. It establishes easily 

and rapidly and develops a dense cover, making it a 

good choice for weed suppression. It’s also drought tol-

erant and regrows rapidly when mowed or grazed. It can 

be grown in the mild climates during the winter. Some 

newer	varieties	have	done	very	well	in	California,	with	

Multicut outyielding Bigbee.

Cowpeas	are	native	to	Central	Africa	and	do	well	in	

hot climates. The cowpea is, however, severely damaged 

by even a mild frost. It is deep rooted and is able to do 

well under droughty conditions. It usually does better on 

low-fertility soils than crimson clover.

Soybeans, usually grown as an economic crop for 

their oil- and protein-rich seeds, also can serve as a 

summer	cover	crop	if	allowed	to	grow	until	flowering.	

They require a fertile soil for best growth. As with cow-

peas, soybeans are easily damaged by frost. If grown to 
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maturity and harvested for seed, they do not add much 

in the way of lasting residues or nitrogen.

Velvet bean (mucuna) is widely adopted in tropi-

cal climates. It is an annual climbing vine that grows 

aggressively to several feet high and suppresses weeds 

well	(figure	10.2).	In	a	velvet	bean–corn	sequence,	the	

cover crop provides a thick mulch layer and reseeds 

itself after the corn crop. The beans themselves are 

sometimes used for a coffee substitute and can also be 

eaten after long boiling. A study in West Africa showed 

that	velvet	bean	can	provide	nitrogen	benefits	for	two	

successive corn crops.

Similar tropical cover crops include Canavalia, 

Crotalaria, Tephrosia, all of which can be used as 

mulches after maturing.

Biennial and Perennial Legumes
Alfalfa is a good choice for well-drained soils that are 

near neutral in pH and high in fertility. The good soil 

conditions required for the best growth of alfalfa make it 

a poor choice for problem situations. Where adapted, it 

is usually grown in a rotation for a number of years (see 

chapter	11).	Alfalfa	is	commonly	interseeded	with	small	

grains, such as oats, wheat, and barley, and it grows 

after the grain is harvested. The alfalfa variety Nitro can 

be used as an annual cover crop because it is not very 

winter-hardy and usually winterkills under northern 

conditions.	Nitro	continues	to	fix	nitrogen	later	into	the	

fall than winter-hardy varieties. However, it does not 

reliably winterkill every year, and the small amounts  

of	extra	fall	growth	and	nitrogen	fixation	may	not	be	

worth the extra cost of the seed compared with peren-

nial varieties.

Crown vetch is adapted only to well-drained soils, 

but it can be grown under lower fertility conditions than 

alfalfa. It has been used successfully for roadbank stabi-

lization and is able to provide permanent groundcover. 

Crown	vetch	has	been	tried	as	an	interseeded	“living	

mulch,” with only limited success at providing nitrogen 

to corn. However, it is relatively easy to suppress crown 

vetch with herbicides to reduce its competition with 

corn.	Crown	vetch	establishes	very	slowly,	so	it	should	

be used only for perennial cover.

Red clover is vigorous, shade tolerant, winter-

hardy, and can be established relatively easily. It is com-

monly interseeded with small grains. Because it starts 

growing slowly, the competition between it and the 

small grain is not usually great. Red clover also success-

fully interseeds with corn in the Northeast.

Sweet clover (yellow blossom) is a reasonably 

winter-hardy, vigorous-growing crop with an ability to 

get its roots into compacted subsoils. It is able to with-

stand high temperatures and droughty conditions better 

than many other cover crops. Sweet clover requires a 

soil pH near neutrality and a high calcium level; it does 

poorly in wet, clayey soils. As long as the pH is high, 

sweet clover is able to grow well on low-fertility soils. 

It is sometimes grown for a full year or more, since it 
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Figure 10.2. Velvet bean grown on hillsides in Central America. Left: growing vines; middle: maturing pods; right: mulched under corn crop. Left and 
middle photos by Ray Bryant. 
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flowers	and	completes	its	life	cycle	in	the	second	year.	

When used as a green manure crop, it is incorporated 

into the soil before full bloom.

White clover does not produce as much growth as 

many of the other legumes and is also less tolerant of 

droughty situations. (New Zealand types of white clover 

are more drought tolerant than the more commonly 

used Dutch white clover.) However, because it does not 

grow very tall and is able to tolerate shading better than 

many	other	legumes,	it	may	be	useful	in	orchard-floor	

covers or as a living mulch. It is also a common compo-

nent of intensively managed pastures.

Grasses
Commonly	used	grass	cover	crops	include	the	annual	

cereals (rye, wheat, barley, oats), annual or peren-

nial forage grasses such as ryegrass, and warm-season 

grasses	such	as	sorghum–sudan	grass.	Nonlegume	cover	

crops, which are mainly grass species, are very useful 

for scavenging nutrients—especially N—left over from a 

previous crop. They tend to have extensive root systems, 

and some establish rapidly and can greatly reduce ero-

sion. In addition, they can produce large amounts of 

residue and, therefore, can help add organic matter to 

the soil. They also can help suppress weed germination 

and growth.

A problem common to all the grasses is that if you 

grow the crop to maturity for the maximum amount of 

residue, you reduce the amount of available nitrogen 

for	the	next	crop.	This	is	because	of	the	high	C:N	ratio,	

or low percentage of nitrogen, in grasses near maturity. 

The problem can be avoided by killing the grass early 

or by adding extra nitrogen in the form of fertilizer or 

manure. Another way to help with this problem is to 

supply extra nitrogen by seeding a legume-grass mix.

Winter rye, also called cereal or grain rye, is very 

winter-hardy and easy to establish. Its ability to germi-

nate quickly, together with its winter-hardiness, means 

that it can be planted later in the fall than most other 

species, even in cold climates. Decomposing residue of 

winter rye has been shown to have an allelopathic effect, 

which means that it can chemically suppress germina-

tion of weed seeds. It grows quickly in the fall and also 

grows	readily	in	the	spring	(figure	10.3).	It	is	often	the	

cover crop of choice as a catch crop and also works well 

with a roll-crimp mulch system—in which the cover crop 

is suppressed by rolling and crimping at the same time 

and crops are seeded or transplanted through the mulch 

(see	figure	16.7,	p.	180).	

Oats are not winter-hardy. Summer or fall seedings 

will winterkill under most cold-climate conditions. This 

provides a naturally killed mulch the following spring 

and may help with weed suppression. As a mixture with 

one of the clovers, oats provide some quick cover in the 

fall. Oat stems help trap snow and conserve moisture, 

even after the plants have been killed by frost. Black oat 

is very popular with farmers in South America, where it 

is mulched for no-till row crops.

Annual ryegrass (not related to winter rye) grows 

well in the fall if established early enough. It develops 

an extensive root system and therefore provides very 

effective	erosion	control	while	adding	significant	quanti-

ties of organic matter. It may winterkill in cold climates. 

Some caution is needed with annual ryegrass; because 

it	is	difficult	to	kill,	it	may	become	a	problem	weed	in	
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Figure 10.3. Winter rye, which grows rapidly in the early spring. 
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some situations.

Sudan grass and sorghum-sudan hybrids are fast-

growing summer annuals that produce a lot of growth in 

a short time. Because of their vigorous nature, they are 

good at suppressing weeds. If they are interseeded with 

a low-growing crop, such as strawberries or many veg-

etables, you may need to delay seeding so the main crop 

will not be severely shaded. They have been reported to 

suppress plant-parasitic nematodes and possibly other 

organisms, as they produce highly toxic substances dur-

ing decomposition in soil. Sudan grass is especially help-

ful for loosening compacted soil. It can also be used as a 

livestock forage and so can do double duty in a cropping 

system with one or more grazings and still provide many 

benefits	of	a	cover	crop.

Other Crops
Buckwheat is a summer annual that is easily killed by 

frost. It will grow better than many other cover crops on 

low-fertility soils. It also grows rapidly and completes its 

life cycle quickly, taking around six weeks from plant-

ing	into	a	warm	soil	until	the	early	flowering	stage.	

Buckwheat can grow more than 2 feet tall in the month 

following planting. It competes well with weeds because 

it grows so fast and, therefore, is used to suppress weeds 

following an early spring vegetable crop. It has also been 

reported to suppress important root pathogens, including 

Thielaviopsis and Rhizoctonia species. It is possible to 

grow more than one crop of buckwheat per year in many 

regions. Its seeds do not disperse widely, but it can reseed 

itself and become a weed. Mow or till it before seeds 

develop to prevent reseeding.

Brassicas used as cover crops include mustard, 

rapeseed, and forage radish. They are increasingly used as 

winter or rotational cover crops in vegetable and specialty 

crop production, such as potatoes and tree fruits. Rape 

(canola) grows well under the moist and cool conditions 

of late fall, when other kinds of plants are going dormant 

for winter. Rape is killed by harsh winter conditions but 

is grown as a winter crop in the middle and southern 

sections of the U.S. Forage radish has gained a lot of 

interest because of its fast growth in late summer and fall, 

which	allows	significant	uptake	of	nutrients.	It	develops	a	

large	taproot—1–2	inches	in	diameter	and	a	foot	or	more	

deep—that can break through compacted layers, allow-

ing	deeper	rooting	by	the	next	crop	(figure	10.4).	Forage	

radish will winterkill and decompose by spring, but it 

leaves the soil in friable condition and improves rainfall 

infiltration	and	storage.	It	also	eases	root	penetration	and	

development by the following crop. 

Rape and other brassica crops may function as biofu-

migants, suppressing soil pests, especially root patho-

gens and plant-parasitic nematodes. Row crop farmers 

are increasingly interested in these properties. Don’t 

expect brassicas to eliminate your pest problems, how-

ever. They are a good tool and an excellent rotation crop, 

but pest management results are inconsistent. More 

research is needed to further clarify the variables affect-

ing the release and toxicity of the chemical compounds 

involved. Because members of this family do not develop 

mycorrhizal fungi associations, they will not promote 

mycorrhizae in the following crop.

cOVER cROP MANAgEMENT
There are numerous management issues to consider 

when using cover crops. Once you decide what your 

major goals are for using cover crops, select one or more 

to	try	out.	Consider	using	combinations	of	species.	You	

also	need	to	decide	where	cover	crops	best	fit	in	your	

system—planted following the main crop, intercropped 

during part or all of the growing of the main crop, or 

grown for an entire growing season in order to build up 

the soil. The goal, while not always possible to attain, 

should	be	to	have	something	growing	in	your	fields	

(even if dormant during the winter) all the time. Other 

management issues include when and how to kill or sup-

press the cover crop, and how to reduce the possibility 

of interference with your main crops either by using too 
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much water in dry climates or by becoming a weed in 

subsequent crops.

Mixtures of Cover Crops
Although most farmers use single species of cover crops 

in	their	fields,	mixtures	of	different	cover	crops	offer	

combined	benefits.	The	most	common	mixture	is	a	grass	

and legume, such as winter rye and hairy vetch, oats 

and	red	clover,	or	field	peas	and	a	small	grain.	Other	

mixtures might include a legume or small grain with 

forage radish or even just different small grains mixed 

together. Mixed stands usually do a better job of sup-

pressing weeds than a single species. Growing legumes 

with grasses helps compensate for the decreases in 

nitrogen availability for the following crop when grasses 

are allowed to mature. In the mid-Atlantic region, the 

winter	rye–hairy	vetch	mixture	has	been	shown	to	pro-

vide another advantage for managing nitrogen: When 

a lot of nitrate is left in the soil at the end of the season, 

the rye is stimulated (reducing leaching losses). When 

little nitrogen is available, the vetch competes better 

with	the	rye,	fixing	more	nitrogen	for	the	next	crop.

A crop that grows erect, such as winter rye, may pro-

vide support for hairy vetch and enable it to grow better. 

Mowing close to the ground kills vetch supported by rye 

easier than vetch alone. This may allow mowing instead 

of herbicide use, in no-till production systems.

Planting 

If you want to accumulate a lot of organic matter, it’s best 

to grow a cover crop for the whole growing season (see 

figure	10.5a),	which	means	no	income-generating	crop	

will be grown that year. This may be useful with very 

infertile or eroded soils. It also may help vegetable pro-

duction systems when there is no manure available and 

where	a	market	for	hay	crops	justifies	a	longer	rotation.

Planting after economic crop harvest. Most 

farmers sow cover crops after the economic crop has 

been	harvested	(figure	10.5b).	In	this	case,	as	with	the	

system	shown	in	figure	10.5a,	there	is	no	competition	
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a) Root of forage radish.
b) Root holes (bio-drilling) and root remains in spring following fall  
forage radish. Black pen (see arrow) in hole for scale. 

c) Horizontal cracks with rye (left) and vertical cracks with forage  
radish (right).

Figure 10.4. Brassica cover crop roots. Photos by  Ray Weil. 

Figure 10.5. Three ways to time cover crop growth for use with a summer 
crop. 

A

B

C

a

c

b

January July January July January

cover crop

cover cropcover crop

main crop main crop 

main crop main crop 

main crop

cover crop

2014 Current Issue Study Packet pg 126



Building SoilS for Better CropS: SuStainaBle Soil ManageMent

109

between the cover crop and the main crop. The seeds 

can be no-till drilled instead of broadcast, resulting in 

better cover crop stands. We recommend against the use 

of tillage prior to cover crop seeding, as it negates most 

of	the	benefits	of	the	cover	crop.	In	milder	climates,	you	

can usually plant cover crops after harvesting the main 

crop. In colder areas, there may not be enough time to 

establish a cover crop between harvest and winter. Even 

if you are able to get it established, there will be little 

growth in the fall to provide soil protection or nutrient 

uptake.	The	choice	of	a	cover	crop	to	fit	between	main	

summer	crops	(figure	10.5b)	is	severely	limited	in	north-

ern climates by the short growing season and severe 

cold. Winter rye is probably the most reliable cover crop 

for those conditions. In most situations, there are a 

range of establishment options.

Cover	crops	are	also	established	following	grain	harvest	

in	late	spring	(figure	10.6a).	With	some	early-maturing	

vegetable crops, especially in warmer regions, it is also 

possible to establish cover crops in late spring or early 

summer	(figure	10.6b).	Cover	crops	also	fit	into	an	early	

vegetable–winter	grain	rotation	sequence	(figure	10.6c).

Interseeding. The third management strategy is 

to interseed cover crops during the growth of the main 

chAPter 10 Cover CroPs

cover croP seLectIon And PLAnt PArAsItIc neMAtodes
If nematodes become a problem in your crops (common in many vegetables such as lettuce, carrots, onions, and potatoes, as 

well as some agronomic crops), carefully select cover crops to help limit the damage. For example, the root-knot nematode 

(M. hapla) is a pest of many vegetable crops, as well as alfalfa, soybeans, and clover, but all the grain crops—corn, as well as 

small grains—are nonhosts. Growing grains as cover crops helps reduce nematode numbers. If the infestation is very bad, con-

sider two full seasons with grain crops before returning to susceptible crops. The root-lesion nematode (P. penetrans) is more 

of a challenge because most crops, including almost all grains, can be hosts for this organism. Whatever you do, don’t plant a 

legume cover crop such as hairy vetch if you have an infestation of root-lesion nematode—it will actually stimulate nematode 

numbers. However, sudan grass, sorghum-sudan crosses, and ryegrass, as well as pearl millet (a grain crop from Africa, grown in 

the U.S. mainly as a warm-season forage crop) have been reported to decrease nematode numbers dramatically. Some variet-

ies appear better for this purpose than others. The suppressive activity of such cover crops is due to their poor host status to 

the lesion nematode, general stimulation of microbial antagonists, and the release of toxic products during decomposition. 

Forage millet; sudan grass; and brassicas such as mustard, rapeseed, oilseed radish, and flax all provide some biofumigation 

effect because, when they decompose after incorporation, they produce compounds that are toxic to nematodes. Marigolds 

can secrete compounds from their roots that are toxic to nematodes. 

a

c

b

January July January July January

early vegetables

early vegetables

cover cropcover crop

cover crop

winter grain

early vegetables

cover crop

cover crop

winter grain

Figure 10.6. Timing cover crop growth for winter grain, early vegetable, 
and vegetable-grain systems. 
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crop.	Cover	crops	are	commonly	interseeded	at	plant-

ing in winter grain cropping systems or frost-seeded 

in early spring. Seeding cover crops during the growth 

of	economic	crops	(figure	10.5c)	is	especially	helpful	

for the establishment of cover crops in areas with a 

short growing season. Delaying the cover crop seeding 

until the main crop is off to a good start means that the 

commercial crop will be able to grow well despite the 

competition. Good establishment of cover crops requires 

moisture and, for small-seeded crops, some covering of 

the seed by soil or crop residues. Winter rye is able to 

establish	well	without	seed	covering,	as	long	as	sufficient	

moisture	is	present	(figure	10.7).	Farmers	using	this	

system usually broadcast seed during or just after the 

last cultivation of a row crop. Aerial seeding, “highboy” 

tractors, or detasseling machines are used to broadcast 

green manure seed after a main crop is already fairly 

tall. When growing is on a smaller scale, seed is broad-

cast with the use of a hand-crank spin seeder.

 Intercrops and living mulches. Growing a 

cover crop between the rows of a main crop has been 

practiced for a long time. It has been called a living 

mulch, an intercrop, polyculture (if more than one 

crop	will	be	harvested),	and	an	orchard-floor	cover.	

Intercropping	has	many	benefits.	Compared	with	bare	

soil, a ground cover provides erosion control, better 

conditions for using equipment during harvesting, 

higher	water-infiltration	capacity,	and	an	increase	in	soil	

organic matter. In addition, if the cover crop is a legume, 

a	significant	buildup	of	nitrogen	may	be	available	to	

crops	in	future	years.	Another	benefit	is	the	attraction	of	

beneficial	insects,	such	as	predatory	mites,	to	flowering	

plants. Less insect damage has been noted under poly-

culture than under monoculture.

Growing other plants near the main crop also poses 

potential dangers. The intercrop may harbor insect 

pests, such as the tarnished plant bug. Most of the 

management decisions for using intercrops are con-

nected with minimizing competition with the main crop. 

Intercrops, if they grow too tall, can compete with the 

main crop for light, or may physically interfere with the 

main crop’s growth or harvest. Intercrops may compete 

for water and nutrients. Using intercrops is not recom-

mended if rainfall is barely adequate for the main crop 

and supplemental irrigation isn’t available. One way to 

decrease competition is to delay seeding the intercrop 

until the main crop is well established. This is some-

times done in commercial fruit orchards. Soil-improving 

intercrops established by delayed planting into annual 

main crops are usually referred to as cover crops. 

Herbicides, mowing, and partial rototilling are used to 

suppress the cover crop and give an advantage to the 

main crop. Another way to lessen competition from the 

cover is to plant the main crop in a relatively wide cover-

free	strip	(figure	10.8).	This	provides	more	distance	

between the main crop and the intercrop rows.

Cover Crop Termination
No matter when you establish cover crops, they are 

usually killed before or during soil preparation for the 

next economic crop. This is usually done by mowing 

(most	annuals	are	killed	that	way)	once	they’ve	flow-

ered, plowing into the soil, using herbicides, rolling and 

chAPter 10 Cover CroPs

Figure 10.7. Winter rye interseeded with maturing soybeans. 
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crimping in the same operation, or naturally by winter 

injury. In many cases it is a good idea to leave a week or 

two between the time a cover crop is tilled in or killed 

and the time a main crop is planted. Studies have found 

that a sudex cover crop is especially allelopathic and that 

tomatoes, broccoli, and lettuce should not be planted 

until six to eight weeks to allow for thorough leaching of 

residue. This allows some decomposition to occur and 

may lessen problems of nitrogen immobilization and 

allelopathic effects, as well as avoiding increased seed 

decay and damping-off diseases (especially under wet 

conditions) and problems with cutworm and wireworm. 

It also may allow for the establishment of a better seed-

bed for small-seeded crops, such as some of the vegeta-

bles. Establishing a good seedbed for crops with small 

seeds	may	be	difficult,	because	of	the	lumpiness	caused	

by the fresh residues. Good suppression of vetch in a 

no-till system has been obtained with the use of a modi-

fied	rolling	stalk	chopper.	Farmers	are	also	experiencing	

good cover crop suppression using a crimper-roller that 

goes ahead of the tractor, allowing the possibility of no-

till planting a main crop at the same time as suppressing 

the	cover	crop	(see	figure	16.7,	p.	180).	Although	not	

recommended for most direct-seeded vegetable crops, 

this works well for many agronomic crops.

Management Cautions
Cover	crops	can	cause	serious	problems	if	not	man-

aged carefully. They can deplete soil moisture; they can 

become weeds; and—when used as an intercrop—they can 

compete with the cash crop for water, light, and nutrients.

In drier areas and on droughty soils, such as sands, 

late killing of a winter cover crop may result in moisture 

deficiency	for	the	main	summer	crop.	In	that	situation,	

the cover crop should be killed before too much water 

is removed from the soil. However, in warm, humid 

climates where no-till methods are practiced, allowing 

the cover crop to grow longer means more residue and 

better	water	conservation	for	the	main	crop.	Cover	crop	

mulch may more than compensate for the extra water 

removed from the soil during the later period of green 

manure growth. In addition, in very humid regions or on 

wet soils, the ability of an actively growing cover crop to 

“pump” water out of the soil by transpiration may be an 

advantage	(see	figure	15.8,	p.	168).	Letting	the	cover	crop	

grow as long as possible results in more rapid soil drying 

and allows for earlier planting of the main crop.

Some cover crops can become unwanted weeds in 

succeeding	crops.	Cover	crops	are	sometimes	allowed	

to	flower	to	provide	pollen	to	bees	or	other	beneficial	

insects. However, if the plants actually set seed, the 

cover	crop	may	reseed	unintentionally.	Cover	crops	

that may become a weed problem include buckwheat, 

ryegrass, crown vetch, and hairy vetch. On the other 

hand, natural reseeding of subclover, crimson clover, or 

velvet	bean	might	be	beneficial	in	some	situations.

Finally, thick-mulched cover crops make good habi-

tat for soil organisms—and also for some undesirable 

species. Animals like rats, mice, and snakes (in warm 

climates) may be found under the mulch, and caution is 

recommended	when	manual	fieldwork	is	performed.

chAPter 10 Cover CroPs

Figure 10.8. A wide cover-free strip and living mulch, which is also used 
for traffic. 
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a case study

Peter	Kenagy’s	rotation	provides	regular	windows	of	

opportunity to grow cover crops, which he has used 

for twenty years to build soil and control weeds on his 

farm.	Kenagy	raises	processing	vegetables,	small	grains,	

cover crop seed, and native grass forbs and seeds on 

320	tillable	and	130	riparian	acres	in	Oregon’s	fertile	

Willamette Valley.

The period following green beans, which are in the 

ground	just	seventy	days	and	come	off	in	July	or	August,	

is	a	perfect	time,	Kenagy	says,	to	plant	a	summer	cover	

crop like sudan grass, which will grow up to 5 feet tall 

before	winter-killing	with	the	first	frost.	The	thick	grass	

mulch continues to provide a good ground cover when 

he plants corn into it in the spring. Sometimes he plants 

sudan grass as a bridge crop between beans and a fall-

planted grass crop.

“I have a huge gap between one crop and the next,” 

says	Kenagy.	“I	have	to	control	weeds	during	that	

period, which is just one of a number of things a cover 

crop	does	so	well.”	Maintaining	weed-free	fields	is	espe-

cially	crucial	for	Kenagy’s	intensive	production	of	native	

grass forbs and seeds, which are destined for wetlands 

mitigation and other restoration projects.

Kenagy	also	uses	cover	crops	to	capture	excess	

nutrients	and	silt	and	prevent	them	from	flowing	into	

the	adjacent	Willamette	River	during	perennial	flooding	

episodes	on	his	low-lying	fields.	“The	more	cover	crop	

vegetation you have there, the more silt you catch,” he 

says. Besides sudan grass, he often relies on fall-planted 

oats—he uses the variety “Saia,” planted at 30 pounds an 

acre—to produce abundant aboveground biomass.

He has experimented with many different covers, 

modifying	his	use	of	cover	crops	to	fit	changes	in	his	

cash crop rotation. In addition, practical concerns or 

experiences inform his choices of which cover crops 

to use. For example, he no longer plants dwarf essex 

rape because it could cause unwanted cross-pollination 

with other brassicas. He favors using oats rather than 

triticale because he’s found the former are more readily 

and cheaply available and cause fewer disease problems 

when followed by a wheat crop.

Though	Kenagy	typically	plants	common	vetch	to	

fix	nitrogen,	he’s	searching	for	another	legume	that	will	

provide solid cover and boost N levels in the late sum-

mer before fall planting of grass crops.

Phaecelia, which overwinters in the Willamette 

Valley,	has	become	one	of	Kenagy’s	preferred	covers	in	

recent years. He plants this small-seeded cover crop at a 

rate of 2 to 4 pounds per acre. He says, “You don’t have 

to plant the seed too deep, and with a little moisture, 

[phaecelia] grows like gangbusters” and is highly effec-

tive at suppressing weeds. “It’s easy to kill, pretty much 

using any method you want. Its biggest attribute is that 

it breaks down really fast. Barely any effort is required to 

get rid of it.”

Peter kenagy
albany, oregon 

Maintaining weed-free fields is especially  

crucial for Kenagy’s intensive production of  

native grass forbs and seeds, which are  

destined for wetlands mitigation and other 

 restoration projects.
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Reducing the effort required to manage any crop is 

a	hallmark	feature	of	Kenagy’s	operation.	“I	plan	my	

rotation	by	looking	at	what	I’m	coming	out	of	and	figure	

out the easiest thing to rotate in, so that I don’t have to 

do so much,” he says. “ I don’t want to be stuck trying to 

till wheat stubble in the fall.” Through his careful choice 

and	timing	of	specific	crops,	Kenagy	is	able	to	till	less,	

save money on fuel, and improve soil quality.

“Part of what’s driving this is logistics,” he says, 

describing	a	field	of	perennial	ryegrass	that	he	recently	

left	to	break	down	in	the	field	for	a	year	after	it	was	

killed with an herbicide. “The [ryegrass] crowns left 

good cover while they rotted; this was a good alternative 

to plowing the residue in right away,” he says, noting 

that as a result “there will be less kick-up of sod bunnies 

into my [mechanical] bean picker.”

Kenagy’s	commitment	to	building	good	soil	goes	

beyond planting cover crops. Whenever possible, he uses 

no-till methods to plant and manage his cash and cover 

crops. For certain crops, such as sweet corn, he uses 

strip-tillage to cut through vegetative residue, which 

disturbs	just	6	inches	of	soil—a	mere	one-fifth	of	the	soil	

surface that is typically plowed with conventional tillage. 

(For	information	about	strip	tillage,	see	chapter	16.)

“One of the most abusive things farmers do to the 

soil	is	till	it,	and	most	do	it	repeatedly,”	Kenagy	says.	

“Strip till does less abuse to the soil, and keeping the 

residue on top is a much more natural way for it to be 

handled,” as it is thus mimicking a more natural system. 

Grassland and forests, he points out, undergo perpetual 

cycles of accumulating new residue and undergoing 

decomposition by soil fauna.

“As a society, we’ve made much too big a footprint 

on	the	land,”	Kenagy	once	told	the	Oregon Statesman 

Journal. “I think it’s time to make it smaller.”

—uPdated by aMy kreMen

“One of the most abusive things farmers do to the soil is till it, and most  

do it repeatedly,” Kenagy says. “Strip till does less abuse to the soil, and keeping the  

residue on top is a much more natural way for it to be handled.”
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Chapter 11

CroP rotations

. . . with methods of farming in which grasses form an important part of the rotation, especially those that 

leave a large residue of roots and culms, the decline of the productive power is much slower than when crops 

like wheat, cotton, or potatoes, which leave little residue on the soil, are grown continuously.

—henry snyder, 1896

There are very good reasons to rotate crops. Rotating 

crops usually means fewer problems with insects, 

parasitic nematodes, weeds, and diseases caused by 

plant pathogens. Rotations that include nonhost plants 

are effective for controlling insects like corn rootworm, 

nematodes like soybean cyst nematode, and diseases 

like	root	rot	of	field	peas.	When	specific	soil	diseases	are	

present, the length of time between growing the same 

or similar crop may vary from relatively short (one to 

two years for leaf blight of onions) to fairly long (seven 

years for clubroot of radish or turnip). Also, the rotation 

should contain some crops that are nonhosts or actually 

suppress the disease. Root growth may be adversely 

affected when continuously cropping to any single crop 

(see	figure	11.1).	This	means	that	the	crops	may	be	less	

efficient	in	using	soil	nutrients	and	added	fertilizers.	

In addition, rotations that include legumes may supply 

significant	amounts	of	nitrogen	to	succeeding	crops.	A	

legume harvested for seed, such as soybeans, provides 

little N for the following crop. On the other hand, a 

multiyear legume sod such as alfalfa may well supply 

all the nitrogen needed by the following crop. Growing 

croP And vArIetAL MIxtures
Not only do rotations help in many ways, but growing 

mixtures of different crops and even different variet-

ies (cultivars) of a given crop sometimes offers real 

advantages. For example, faba (fava) bean helps corn 

to get phosphorus on low P soils by acidifying the area 

around its roots. Also, when some varieties of a spe-

cies are prized for a certain quality, such as taste, but 

are susceptible to a particular pest, growing a number 

of rows of the susceptible variety alternating with 

rows of resistant varieties tends to lessen the severity 

of the pest damage.

Photo courtesy the Rodale Institute
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sod-type forage grasses, legumes, and grass-legume 

mixes as part of the rotation also increases soil organic 

matter. When you alternate two crops, such as corn and 

soybeans, you have a very simple rotation. More com-

plex	rotations	require	three	or	more	crops	and	a	five-	to	

ten-year (or more) cycle to complete.

Rotations are an important part of any sustainable 

agricultural system. Yields of crops grown in rotations 

are	typically	10%	higher	than	those	of	crops	grown	in	

monoculture in normal growing seasons, and as much 

as	25%	higher	in	droughty	growing	seasons.	When	

you grow a grain or vegetable crop following a forage 

legume, the extra supply of nitrogen certainly helps. 

However, yields of crops grown in rotation are often 

higher than those of crops grown in monoculture, 

even when both are supplied with plentiful amounts 

of nitrogen. Research in Iowa found that even using 

240 pounds of N per acre when growing corn after 

corn, yields were not as good as corn grown following 

alfalfa with little or no N applied. In addition, following 

a nonlegume crop with another nonlegume produces 

higher yields than a monoculture using recommended 

fertilizer rates. For example, when you grow corn follow-

ing grass hay, or cotton following corn, you get higher 

yields than when corn or cotton is grown year after year. 

This	yield	benefit	from	rotations	is	sometimes	called	a	

rotation effect.	Another	important	benefit	of	rotations	

is that growing a variety of crops in a given year spreads 

out labor needs and reduces risk caused by unexpected 

climate	or	market	conditions.	Other	benefits	may	occur	

when perennial forages (hay-type crops) are included  

in the rotation, including decreased soil erosion and 

nutrient loss.

ROTATIONS AND SOIl ORgANIc MATTER lEVElS
You might think you’re doing pretty well if soil organic 

matter remains the same under a particular cropping 

system. However, if you are working soils with depleted 

organic matter, you need to build up levels to counter 

the effects of previous practices. Maintaining an inad-

equate level of organic matter won’t do.

The types of crops you grow, their yields, the amount 

of roots produced, the portion of the crop harvested, 

and how you manage crop residues will all affect soil 

organic	matter.	Soil	fertility	itself	influences	the	amount	

of organic residues returned, because more fertile soils 

grow higher-yielding crops, with more residues.

The decrease in organic matter levels when row 

crops are planted on a virgin forest or prairie soil is very 

rapid	for	the	first	five	to	ten	years,	but,	eventually,	a	

plateau or equilibrium is reached. After that, soil organic 

matter levels remain stable, as long as production 

practices aren’t changed. An example of what can occur 

during	twenty-five	years	of	continuously	grown	corn	is	

given	in	figure	11.2.	Soil	organic	matter	levels	increase	

chAPter 11 CroP rotations

Figure 11.1. Corn roots: (a) continuous corn with mineral fertilizer, (b) corn 
following alfalfa with dairy manure compost. Photos by Walter Goldstein 
(Michael Fields Institute).

a b
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when the cropping system is changed from a cultivated 

crop	to	a	grass	or	mixed	grass–legume	sod.	However,	

the increase is usually much slower than the decrease 

that occurred under continuous tillage.

A long-term cropping experiment in Missouri com-

pared continuous corn to continuous sod and various 

rotations.	More	than	9	inches	of	topsoil	was	lost	during	

sixty years of continuous corn. The amount of soil lost 

each year from the continuous corn plots was equivalent 

to	21	tons	per	acre.	After	sixty	years,	soil	under	continu-

ous	corn	had	only	44%	as	much	topsoil	as	that	under	

continuous timothy sod. A six-year rotation consisting 

of corn, oats, wheat, clover, and two years of timothy 

resulted	in	about	70%	as	much	topsoil	as	found	in	the	

timothy soil, a much better result than with continuous 

corn. Differences in erosion and organic matter decom-

position	resulted	in	soil	organic	matter	levels	of	2.2%	

for	the	unfertilized	timothy	and	1.2%	for	the	continuous	

corn plots.

In	an	experiment	in	eastern	Canada,	continuous	

corn led to annual increases in organic matter of about 

100	pounds	per	acre,	while	two	years	of	corn	followed	

by two years of alfalfa increased organic matter by 

about 500 pounds per acre per year and four years of 

alfalfa	increased	organic	matter	by	800	pounds	per	

acre	per	year.	(Keep	in	mind	that	these	amounts	are	

small compared to the amounts of organic matter in 

most	soils—3%	organic	matter	represents	about	60,000	

pounds per acre to a depth of 6 inches.)

Two things happen when perennial forages are 

part of the rotation and remain in place for some years 

during a rotation. First, the rate of decomposition of 

soil organic matter decreases, because the soil is not 

continually being disturbed. (This also happens when 

using no-till planting, even for nonsod-type crops, 

such as corn.) Second, grass and legume sods develop 

extensive root systems, part of which will naturally die 

each	year,	adding	new	organic	matter	to	the	soil.	Crops	

with extensive root systems stimulate high levels of soil 

biological activity and soil aggregation. The roots of a 

healthy grass or legume-grass sod return more organic 

matter to the soil than roots of most other crops. Older 

roots of grasses die, even during the growing season, 

and provide sources of fresh, active organic matter. 

Rotations that included three years of perennial forage 

crops have been found to produce a very high-quality 

soil in the corn and soybean belt of the Midwest.

We are not only interested in total soil organic 

matter—we want a wide variety of different types of 

organisms living in the soil. We also want to have a good 

amount of active organic matter and high levels of well-

decomposed soil organic matter, or humus, in the soil. 

Although most experiments have compared soil organic 

matter changes under different cropping systems, few 

experiments have looked at the effects of rotations on 

soil ecology. The more residues your crops leave in the 

field,	the	greater	the	populations	of	soil	microorgan-

isms. Experiments in a semiarid region in Oregon found 

that the total amount of microorganisms in a two-year 

wheat-fallow	system	was	only	about	25%	of	the	amount	

found	under	pasture.	Conventional	moldboard	plow	

tillage systems are known to decrease the populations 
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Figure 11.2. Organic matter changes in the plow layer during long-term 
cultivation followed by hay crop establishment.
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of earthworms, as well as other soil organisms. More 

complex rotations increase soil biological diversity. 

Including perennial forages in the rotation enhances  

this effect.

RESIDUE AVAIlAbIlITY
As	pointed	out	in	chapters	3	and	9,	more	residues	are	

left	in	the	field	after	some	crops	than	others.	High	

residue-producing crops—especially those with exten-

sive root systems—should be incorporated into rotations 

whenever possible. There is considerable interest in the 

possible future use of crop residue for a variety of pur-

poses, such as for biofuel production. However, farmers 

should	keep	in	mind	that	frequent	removal	of	significant	

quantities	of	residue	from	their	fields—and	there	may	be	

more pressure to remove them if production of biofuels 

from crop residue becomes economically viable—can 

have a very negative effect on the soil’s health.

SPEcIES RIcHNESS AND AcTIVE ROOTINg PERIODS
In addition to the quantity of residues remaining follow-

ing harvest, a variety of types of residues is also impor-

tant. The goal should be a minimum of three different 

species in a rotation, more if possible. The percent of 

the time that living roots are present during a rotation is 

also important. The period that active roots are present 

varies	considerably,	ranging	from	32%	of	the	time	for	a	

corn-soybeans	rotation	to	57%	for	a	beans-wheat	rota-

tion	to	76%	for	a	three-year	beans-wheat-corn	rotation	

(table	11.1).	As	mentioned	above,	when	soils	are	covered	

with living vegetation for a longer period of time, there 

tends to be decreased erosion as well as a decreased loss 

of nitrate and less groundwater contamination.

ROTATIONS AND WATER QUAlITY
When annual crops are grown and planted in the spring, 

there is a considerable amount of time when the soil is 

not occupied by living plants. This means that for a large 

portion of the year there are no living plants to take up 

nutrients, especially nitrate, that can leach out of the 

soil. This is especially a problem in the Midwest, where 

many soils have tile drainage, which accentuates the 

discharge of high-nitrate water into streams and rivers. 

In addition to not taking up nutrients, the lack of grow-

ing plants means that the soils are wetter and more apt 

to produce runoff and erosion as well as leaching. Thus, 

rotations that include perennial forages and winter 

grains help maintain or enhance the quality of both 

ground and surface waters. And, while intensive use of 

cover crops helps water quality in a similar way, cover 

crops should not be viewed as a substitute for a good 

rotation of economic crops.

FARM lAbOR AND EcONOMIcS
Before discussing appropriate rotations, let’s consider 

some	of	the	possible	effects	on	farm	labor	and	finances.	

If you grow only one or two row crops, you must work 

incredibly long hours during planting and harvesting 

seasons, and not as much at other times. Including for-

age hay crops and early harvested crops along with those 

that are traditionally harvested in the fall would allow 

you to spread your labor over the growing season, mak-

ing the farm more easy to manage by family labor alone. 
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Table 11.1
Comparison of Rotations:

Percent of Time Active Roots Are Present and Number of Species

Rotation Years Active Rooting 
Period (%)

Number of 
Species

Corn-soybeans 2 32 2

Dry beans–winter 
wheat

2 57 2

Dry beans–winter 
wheat/cover

2 92 3

Dry beans–winter 
wheat–corn

3 72 3

Corn–dry beans–winter 
wheat/cover

3 76 4

Sugar beets–beans–
wheat/cover–corn

4 65 5

Source: Cavigelli et al. (1998).
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In	addition,	when	you	grow	a	more	diversified	group	of	

crops,	you	are	less	affected	by	price	fluctuations	of	one	

or two crops. This may provide more year-round income 

and	year-to-year	financial	stability.

Although	there	are	many	possible	benefits	of	rota-

tions, there are also some costs or complicating factors. 

It is critically important to carefully consider the farm’s 

labor and management capacity when exploring diversi-

fication	opportunities.	You	may	need	more	equipment	to	

grow	a	number	of	different	crops.	There	may	be	conflicts	

between labor needs for different crops; cultivation and 

side-dressing nitrogen fertilizer for corn might occur 

at the same time as harvesting hay in some locations. 

In addition, some tasks, such as harvesting dry hay 

(mowing, tedding when needed, baling, and storing) 

can require quite a bit of labor that may not always be 

available.	Finally,	the	more	diversified	the	farm,	the	less	

chance for time to relax.

gENERAl PRINcIPlES
Try to consider the following principles when you’re 

thinking about a new rotation:

1.		 Follow	a	legume	forage	crop,	such	as	clover	or	

alfalfa, with a high-nitrogen-demanding crop, such 

as corn, to take advantage of the nitrogen supply.

2.  Grow less of nitrogen-demanding crops, such as 

oats, barley, and wheat, in the second or third year 

after a legume sod.

3.  Grow the same annual crop for only one year, if 

possible, to decrease the likelihood of insects, dis-

eases, and nematodes becoming a problem. (Note: 

For many years, the western corn rootworm was 

effectively controlled by alternating between corn 

and soybeans. Recently, populations of the root-

worm with a longer resting period have developed 

in isolated regions in the Midwest, and they are able 

to survive the very simple two-year rotation.)

4.  Don’t follow a crop with a closely related species, 

since insect, disease, and nematode problems are fre-

quently shared by members of closely related crops.

5.		 If	specific	nematodes	are	known	problems,	consider	

planting nonhost plants (such as grain crops for root-

knot nematode) for a few years to decrease popula-

tions before planting a very susceptible crop such as 

carrots or lettuce. High populations of plant parasitic 

nematodes will also affect the choice of cover crops 

(see	chapter	10	for	a	discussion	of	cover	crops).

6. Use crop sequences that promote healthier crops. 

Some crops seem to do well following a particular 

crop (for example, cabbage family crops following 

onions, or potatoes following corn). Other crop se-

quences may have adverse effects, as when potatoes 
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croP rotAtIons And PLAnt dIseAses

Carefully selected rotations, especially when alternating between grains and broadleaf plants, can greatly assist control of 

plant diseases and nematodes. Sometimes a one-year break is sufficient for disease control, while for other diseases a number 

of years of growing a nonhost crop is needed to sufficiently reduce inoculum levels. Inclusion of pulse crops in a rotation 

seems to stimulate beneficial organisms and reduce the severity of cereal root diseases. Severity of common root rot of 

wheat and barley is reduced by a multiyear break of growing broadleaf plants. Rotations can be relatively easy to develop for 

control of diseases and nematodes that have a fairly narrow host range. However, some diseases or nematodes have a wider 

host range, and more care is needed in developing or changing rotations if these are present. In addition, some diseases enter 

the field on contaminated seed, while others, like wheat leaf rust, can travel with the wind for long distances. Other tactics, 

aside from rotations, are needed to deal with such diseases.  

—KRUPINSKy ET AL. (2002).
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have more scab following peas or oats.

7. Use crop sequences that aid in controlling weeds. 

Small grains compete strongly against weeds and 

may inhibit germination of weed seeds, row crops 

permit midseason cultivation, and sod crops that 

are mowed regularly or intensively grazed help 

control annual weeds.

8.	 Use	longer	periods	of	perennial	crops,	such	as	a	for-

age legume, on sloping land and on highly erosive 

soils. Using sound conservation practices, such as 

no-till planting, extensive cover cropping, or strip 

cropping	(a	practice	that	combines	the	benefits	of	

rotations and erosion control), may lessen the need 

to follow this guideline.

9.	 Try	to	grow	a	deep-rooted	crop,	such	as	alfalfa,	saf-

flower,	or	sunflower,	as	part	of	the	rotation.	These	

crops scavenge the subsoil for nutrients and water, 

and channels left from decayed roots can promote 

water	infiltration.

10.	 Grow	some	crops	that	will	leave	a	significant	

amount of residue, like sorghum or corn harvested 

for grain, to help maintain organic matter levels.

11.	 When	growing	a	wide	mix	of	crops—as	is	done	on	

many direct-marketing vegetable farms—try group-

ing into blocks according to plant family, timing of 

crops (all early-season crops together, for example), 

type of crop (root vs. fruit vs. leaf), or cultural prac-

tices (irrigated, plastic mulch used).

12.		 In	regions	with	limited	rainfall,	the	amount	of	water	

used by a crop may be a critically important issue—

usually one of the most important issues. Without 

plentiful irrigation, growing high-water-use crops 

such	as	hay,	as	well	as	sunflower	and	safflower,	may	

not	leave	sufficient	moisture	in	the	soil	for	the	next	

crop in the rotation.

13.		 Be	flexible	enough	to	adapt	to	annual	climate	and	

crop price variations, as well as development of 

soil pathogens and plant parasitic nematodes. For 

example, dryland rotations have been introduced in 

the Great Plains to replace the wheat-fallow system, 

resulting in better use of water and less soil erosion. 

(It	is	estimated	that	less	than	25%	of	the	rainfall	that	

falls during the fourteen-month fallow period in the 

Central	High	Plains	is	made	available	to	a	following	

crop	of	winter	wheat.)	(See	box	“Flexible	Cropping	

Systems”	and	table	11.2,	p.	121,	for	discussion	and	

information	on	flexible,	or	dynamic,	cropping	sys-

tems.) As discussed above (see point 5), reconsider 

your crop sequence and cover crop use if nematodes 

become a problem.

ROTATION ExAMPlES
It’s	impossible	to	recommend	specific	rotations	for	a	

wide variety of situations. Every farm has its own unique 

combination of soil and climate and of human, animal, 

and machine resources. The economic conditions and 

needs are also different on each farm. You may get 

useful ideas by considering a number of rotations with 

historical or current importance.

A	five-	to	seven-year	rotation	was	common	in	the	

mixed livestock-crop farms of the northern Midwest and 

the	Northeast	during	the	first	half	of	the	20th	century.	

An example of this rotation is the following:

Year 1. Corn

Year 2.	Oats	(mixed	legume–grass	hay	seeded)

Years 3, 4, and 5.	Mixed	grass–legume	hay

Years 6 and 7. Pasture

The most nitrogen-demanding crop, corn, followed 

the pasture, and grain was harvested only two of every 

five	to	seven	years.	A	less	nitrogen-demanding	crop,	

oats, was planted in the second year as a “nurse crop” 

when the grass-legume hay was seeded. The grain was 

harvested as animal feed, and oat straw was harvested to 

be used as cattle bedding; both eventually were returned 

to the soil as animal manure. This rotation maintained 

soil organic matter in many situations, or at least didn’t 
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cause it to decrease too much. On prairie soils, with their 

very high original contents of organic matter, levels still 

probably decreased with this rotation.

In the corn belt region of the Midwest, a change in 

rotations occurred as pesticides and fertilizers became 

readily available and animals were fed in large feedlots 

instead of on crop-producing farms. Once the mixed 

livestock farms became grain-crop farms or crop-hog 

farms, there was little reason to grow sod crops. In addi-

tion, government commodity price support programs 

unintentionally encouraged farmers to narrow produc-

tion to just two feed grains. The two-year corn-soybean 

rotation is better than monoculture, but it has a number 

of problems, including erosion, groundwater pollution 

with nitrates and herbicides, depletion of soil organic 

matter, and in some situations increased insect prob-

lems. Research indicates that with high yields of corn 

grain	there	may	be	sufficient	residues	to	maintain	

organic matter. With soybeans, residues are minimal.

 The Thompson mixed crop-livestock (hogs and beef) 
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Table 11.2
Comparison of Monoculture, Fixed-Sequence Rotations, and Dynamic Cropping Systems

Monoculture Fixed-Sequence Rotations Dynamic Cropping Systems

Numbers and types of crops Single crop
Multiple crops; number depends on 

regionally adapted species, economics, 
farmer knowledge, infrastructure.

Multiple crops; number depends on  
regionally adapted species, economics, 
farmer knowledge, and infrastructure.

Crop  diversity N/A  Diversity depends on length  
of fixed sequence.

Diversity high due to annual  
variation in growing conditions  

and marketing opportunities, as well  
as changes in producer goals.

Crop-sequencing flexibility N/A
None, although fixed-sequence  

cropping systems that incorporate 
opportunity crops increase flexibility.

High. All crops, in essence,  
are opportunity crops.

Biological and ecological knowledge Basic knowledge  
of agronomy

Some knowledge of crop  
interactions is necessary.

Extended knowledge of  
complex, multiyear crop and  

crop-environment interactions.

Management complexity
Generally low, though 

variable depending  
on crop type

Complexity variable depending on  
length of fixed sequence and  

diversity of crops grown.

Complexity inherently high due to  
annual variation in growing conditions, 

markets, and producer goals.

Source: Modified from Hanson et al. (2007).

As discussed in point 13 under “General Principles,” it may be best for 
many farmers to adapt more “dynamic” crop sequences rather than 
strictly adhere to a particular sequence. Many things change from year 
to year, including prices paid for crops, pest pressures, and climate. And 
many farmers do deviate from plans and change what they plant in a 
particular field—for example, in a wetter than normal field a dry spring 
opens the opportunity for a vegetable farmer to plant an early-season 
crop, thus potentially enhancing the diversity of crops grown in that 
field. However, this issue is especially important for dryland farmers in 

water-limiting regions such as the Great Plains. In dryland agriculture low 
water availability is usually the greatest limitation to crop growth. In such 
regions, where much of the water needed for a crop is stored in the soil 
at planting time, growing of two heavy water users in a row may work out 
well if rainfall was plentiful the first year. However, if rainfall has been low, 
following a heavy-water-using crop (such as sunflowers or corn) with one 
that needs less water (such as dry pea or lentil) means that water stored 
in the soil may be enough, along with rainfall during the growing season, 
to result in a reasonable yield.

FlExIblE cROPPINg SYSTEMS
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farm	in	Iowa	practices	an	alternative	five-year	corn	belt	

rotation	similar	to	the	first	rotation	we	described—corn/

soybeans/corn/oats (mixed/grass hay seeded)/hay. For 

fields	that	are	convenient	for	pasturing	beef	cows,	the	

Thompson eight-year rotation is as follows:

Year 1.	Corn

Year 2. Oats (mixed/grass hay seeded)

Years 3 to 8. Pasture

Organic matter is maintained through a combina-

tion of practices that include the use of manures and 

municipal sewage sludge, green manure crops (oats and 

rye following soybeans and hairy vetch between corn 

and soybeans), crop residues, and sod crops. These prac-

tices	have	resulted	in	a	porous	soil	that	has	significantly	

lower erosion, higher organic matter content, and more 

earthworms	than	neighbors’	fields

A four-year rotation researched in Virginia used 

mainly no-till practices as follows:

Year 1. Corn,	winter	wheat	no-till	planted	into	 

corn stubble

Year 2. Winter wheat grazed by cattle after harvest, 

foxtail millet no-till planted into wheat stubble and 

hayed or grazed, alfalfa no-till planted in fall

Year 3. Alfalfa harvested and/or grazed

Year 4. Alfalfa harvested and/or grazed as usual 

until fall, then heavily stocked with animals to 

weaken it so that corn can be planted the next year

This rotation follows many of the principles dis-

cussed earlier in this chapter. It was designed by 

researchers, extension specialists, and farmers and is 

similar to the older rotation described earlier. A few 

differences exist: This rotation is shorter; alfalfa is used 

instead of clover or clover-grass mixtures; and there is 

a special effort to minimize pesticide use under no-till 

practices. Weed-control problems occurred when going 

from alfalfa (fourth year) back to corn. This caused the 

investigators to use fall tillage followed by a cover crop 

mixture of winter rye and hairy vetch. Some success 

was achieved suppressing the cover crop in the spring 

by just rolling over it with a disk harrow and planting 

corn	through	the	surface	residues	with	a	modified	no-till	

planter. The heavy cover crop residues on the surface 

provided excellent weed control for the corn.

Traditional wheat-cropping patterns for the semiarid 

regions of the Great Plains and the Northwest commonly 

include a fallow year to allow storage of water and more 

mineralization of nitrogen from organic matter for use 

by the next wheat crop. However, the wheat-fallow 

system has several problems. Because no crop residues 

are returned during the fallow year, soil organic matter 

decreases unless manure or other organic materials are 

provided	from	off	the	field.	Water	infiltrating	below	the	

root zone during the fallow year moves salts through 

the	soil	to	the	low	parts	of	fields.	Shallow	groundwater	

can come to the surface in these low spots and create 

“saline seeps,” where yields will be decreased. Increased 

soil erosion, caused by either wind or water, commonly 

occurs during fallow years, and organic matter decreases 

(at	a	rate	of	about	2%	per	year,	in	one	experiment).	 

In this wheat monoculture system, the buildup of grassy 

weed populations, such as jointed goat grass and downy 

brome,	also	indicates	that	crop	diversification	is	essential.

Farmers in these regions who are trying to develop 

more sustainable cropping systems should consider 

using a number of species, including deeper-rooted 

crops,	in	a	more	diversified	rotation.	This	would	

increase the amount of residues returned to the soil, 

reduce tillage, and lessen or eliminate the fallow period. 

(See	box	“Flexible	Cropping	Systems.”)

A four-year wheat-corn-millet-fallow rotation under 

evaluation	in	Colorado	was	found	to	be	better	than	the	

traditional wheat-fallow system. Wheat yields have been 

higher in this rotation than wheat grown in monocul-

ture. The extra residues from the corn and millet also 
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are helping to increase soil organic matter. Many pro-

ducers	are	including	sunflower,	a	deep-rooting	crop,	in	a	

wheat-corn-sunflower-fallow	rotation.	Sunflower	is	also	

being evaluated in Oregon as part of a wheat cropping 

sequence.

Vegetable farmers who grow a large selection of crops 

find	it	best	to	rotate	in	large	blocks,	each	containing	

crops from the same families or having similar produc-

tion schedules or cultural practices. Many farmers are 

now using cover crops to help “grow their own nitrogen,” 

chAPter 11 CroP rotations

croP rotAtIon on orGAnIc fArMs
Crop rotation is always a good idea, but on organic farms a sound crop rotation is essential. Options for rescuing crops from 

disease are limited on organic farms, making disease prevention through good crop rotation more important. Similarly, weed 

management requires a multiyear approach. Since nutrients for organic crop production come largely through release from 

organic matter in soil, manure, compost, and cover crops, a crop rotation that maintains regular organic matter inputs and 

large amounts of active soil organic matter is critical. 

To obtain the benefits of a diverse crop rotation and take advantage of specialty markets, organic farmers usually grow a high 

diversity of crops. Thus, organic field crop producers commonly grow five to ten crop species, and fresh market vegetable 

growers may grow thirty or more. However, because of the large variation in acreage among crops and frequent changes in 

the crop mix due to weather and shifting market demands, planning crop rotations on highly diversified farms is difficult. 

Therefore, many organic farmers do not follow any regular rotation plan, but instead place crops on individual fields (or parts 

of fields) based on the cropping history of the location and its physical and biological characteristics (e.g., drainage, recent 

organic matter inputs, weed pressure). Skilled organic growers usually have next year’s cash crops and any intervening cover 

crops in mind as they make their placement decisions but find that planning further ahead is usually pointless because longer-

term plans are so frequently derailed.

Although precise long-term rotation plans can rarely be followed on farms growing a diverse mix of crops, some experienced 

organic farmers follow a general repeating scheme in which particular crops are placed by the ad hoc approach described 

above. For example, some vegetable operations plant cash crops every other year and grow a succession of cover crops in 

alternate years. Many field crop producers alternate some sequence of corn, soybeans, and small grains with several years 

of hay on a regular basis, and some vegetable growers similarly alternate a few years in vegetables with two to three years 

in hay. These rest periods in hay or cover crops build soil structure, allow time for soilborne diseases and weed seeds to die 

off, and provide nitrogen for subsequent heavy-feeding crops. Some vegetable growers alternate groups of plant families in 

a relatively regular sequence, but this generally requires growing cover crops on part of the field in years when groups that 

require less acreage appear in the sequence. Within all of these generalized rotation schemes, the particular crop occupying 

a specific location is chosen by the ad hoc process described above. Organizing the choices with a general rotation scheme 

greatly simplifies the decision-making process. 

Dividing the farm into many small, permanently located management units also greatly facilitates effective ad hoc placement 

of crops onto fields each year. By this means, a precise cropping history of every part of each field is easy to maintain. More-

over, problem spots and particularly productive locations can be easily located for planting with appropriate crops.

—CHARLES MOHLER, CORNELL UNIVERSITy 
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utilize extra nitrogen that might be there at the end of the 

season,	and	add	organic	matter	to	the	soil.	A	four-	to	five-

year vegetable rotation might be as follows:

Year 1. Sweet corn followed by a hairy vetch/winter 

rye cover crop

Year 2. Pumpkins, winter squash, summer squash 

followed by a rye or oats cover crop

Year 3. Tomatoes, potatoes, peppers followed  

by a vetch/rye cover crop

Year 4.	Crucifers,	greens,	legumes,	carrots,	onions,	

and miscellaneous vegetables followed by a rye  

cover crop

Year 5. (If land is available) oats and red clover or 

buckwheat followed by a vetch/rye cover crop

Another rotation for vegetable growers uses a two- to 

three-year alfalfa sod as part of a six- to eight-year cycle. 

In this case, the crops following the alfalfa are high-

nitrogen-demanding crops, such as corn or squash, fol-

lowed by cabbage or tomatoes, and, in the last two years, 

crops	needing	a	fine	seedbed,	such	as	lettuce,	onions,	

or carrots. Annual weeds in this rotation are controlled 

by the harvesting of alfalfa a number of times each year. 

Perennial weed populations can be decreased by cultiva-

tion during the row-crop phase of the rotation.

Most vegetable farmers do not have enough land—or 

the	markets—to	have	a	multiyear	hay	crop	on	a	signifi-

cant portion of their land. Aggressive use of cover crops 

will help to maintain organic matter in this situation. 

Manures, composts, or other sources of organic materi-

als, such as leaves, should also be applied every year or 

two to help maintain soil organic matter.

Cotton	alternating	with	peanut	is	a	common	simple	

rotation in the Southeast coastal region. The soils in this 

area tend to be sandy, low in fertility and water-holding 

capacity, and have a subsoil compact layer. As with 

the corn-soybean alternation of the Midwest, a more 

complex system is very desirable from many viewpoints. 

A rotation including a perennial forage, for at least a 

few years, may provide many advantages to the cotton-

peanut system. Research with two years of Bahia grass 

in a cotton-peanut system indicates greater cotton root 

growth, more soil organic matter and earthworms, and 

better	water	infiltration	and	storage.

SUMMARY
There are literally dozens of rotations that might work 

well	on	a	particular	farm.	The	specific	selection	depends	

on the climate and soils, the expertise of the farmer, 

whether there are livestock on the farm or nearby, 

equipment and labor availability, family quality-of-life 

considerations,	and	financial	reality	(potential	price	

minus the cost of production). (However, vegetable 

farmers will sometimes include low-return crops in 

their	rotations	because	customers	expect	to	find	them	

in the mix at a farm stand or farmers’ market.) From an 

ecological view, longer and more complex rotations are 

preferred over shorter ones. It also makes a lot of sense, 

once	equipment	is	in	place,	to	stay	flexible	instead	of	

having a rotation set in stone. If you’re ready to adjust to 

rapid market changes, changes in labor availability, crop 

pest outbreaks, or unusual weather patterns, you’ll be in 

a stronger position economically, while still maintaining 

a complex rotation.
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aleX and betsy hitt
grahaM, north Carolina

a case study

Alex and Betsy Hitt were forced to reevaluate their farm 

fertility	program	in	1990	when	a	nearby	horse	stable	that	

had provided them with manure went out of business. 

The	Hitts,	who	raise	80	to	90	varieties	of	vegetables	

and	160	varieties	of	cut	flowers	on	their	5-acre	farm,	

have created elaborate rotations involving cover crops 

to supply organic matter and nitrogen, lessen erosion, 

and crowd out weeds. “We made a conscious decision 

in our rotation design to always use cover crops,” Alex 

Hitt says. “We have to—it’s the primary source for all of 

our fertility. If we can, we’ll have two covers on the same 

piece of ground in the same year.”

Alex and Betsy designed their initial rotation scheme 

to include all their farmed acreage, using the guid-

ing principle of separating botanical families to break 

disease and insect cycles. They intentionally incorpo-

rated as many variables as possible into that rotation 

(cool-	and	warm-season	crops,	vegetables	and	flow-

ers, heavy and light feeders, deep- and shallow-rooted 

plants, etc.). Later, as they came to rely more on cover 

crops for organic matter maintenance, the Hitts tweaked 

their rotation to maximize cover crop growth periods. 

“We always lean towards [cover] crops that will grow us 

the	most	biomass	and	fix	the	most	nitrogen,”	says	Alex.	

“These . . . usually . . . mature later and are harder to 

turn under and decompose.” Other criteria include ease 

of establishment, seed cost and availability, and adapt-

ability to their climate.

The payoffs from the Hitts’ commitment to their 

rotation are clear. Their farm stays essentially free of 

soilborne diseases and pests, which they attribute to 

“so much competition and diversity” in the soil. They 

see	little	or	no	erosion,	despite	farming	some	fields	that	

have	as	much	as	a	5%	slope.	Furthermore,	they	have	dis-

covered that their covers smother and crowd out weeds, 

and the timing and spacing variations within their 

rotation have improved weed control. “We either have a 

different crop [from season to season] or we’re planting 

it differently, so we don’t get the same weeds the same 

time every year,” Alex says. “When we went to a longer 

rotation and changed the timing, we noticed it quickly.”

Over time, the Hitts’ rotation scheme has evolved in 

tandem with their production methods. Four different 

rotations are now used to maintain or boost soil quality 

in	specific	parts	of	their	operation	(see	chart,	p.	128).	For	

example,	their	main	field	is	in	a	five-year	rotation	plan,	

while	the	addition	of	six	movable	16-by-48-foot	hoop	

houses used for season extension led to the creation of 

a special twelve-year rotation. Areas under large-scale 

multi-bay	high	tunnels,	as	well	as	fields	with	flood-prone	

or heavy soils, have their own three-year rotations.

The Hitts use a consistent approach to manag-

ing cover crops in all of their rotations, regardless of 

Their farm stays essentially free of soilborne 

diseases and pests, which they attribute to “so 

much competition and diversity” in the soil. 

They see little or no erosion, despite farming 

some fields that have as much as a 5% slope.

2014 Current Issue Study Packet pg 144



building soils For better CroPs: sustainable soil ManageMent

127

rotation length. “We have essentially arrived at two 

winter and two summer combinations of cover crops,” 

each of which always includes a legume and a grass, 

Alex explains. Typically, they plant rye and hairy vetch 

or sorghum sudan grass and cowpeas prior to late-

planted spring crops, no-tilled summer cash crops, and 

fall-planted cover crops. Oats and crimson clover or 

pearl millet and soybeans precede early-spring-planted 

crops and fall-planted cash crops. The Hitts alter these 

combinations if needed to prevent disease buildup. They 

sometimes	“fine-tune”	their	rotation	by	inserting	an	

extra planting of a wheat, barley, or triticale cover crop 

prior	to	a	first	tomato	planting.

The Hitts are interested in expanding no-till planting 

on their farm and trying out cover crops, such as rape 

and forage radish, that can easily be turned under in 

spring—because these are followed by an early-spring-

seeded rye and hairy vetch cover that is rolled down to 

create a mulch layer under their no-till summer-planted 

crops. “I am still working on getting the right coulter/

row	openers	for	[no-till]	seeding	of	certain	flowers	like	

zinnias and also sweet corn,” Alex says.

The	Hitts’	flowers,	fresh	leafy	greens,	heirloom	toma-

toes, hot and sweet peppers, leeks, and other vegetables 

are popular with area chefs and at farmers’ markets in 

nearby	Chapel	Hill.	Their	main	challenges,	Alex	says,	

are twofold: to choose which cover crops should precede 

and follow their diverse set of cash crops, and to deter-

mine optimal spacing and timing for their cash crops. “If 

cash crops go in and out basically at the same time, this 

makes it easier to choose a cover crop and its following 

cash or cover crop,” he says. “This also makes irrigation, 

cultivation,	and	other	jobs	more	efficient.”	Standardizing	

bed widths and lengths and the spacing used for trans-

plants and direct-seeded crops has made their cash crop 

management “essentially automatic when it comes to 

planting, cultivating, irrigating, trellising, etc. There is 

no need to reset equipment or have different lengths of 

row covers if all the beds are the same.”

The	Hitts	are	making	the	most	of	their	efficiency	

gains. In recent years, although they’ve scaled their 

production down from 5 to 3 acres, they are realizing 

greater	profits	by	continually	refining	and	diversifying	a	

lucrative set of cash crops. In recognition of their inno-

vation and success, Alex and Betsy received the presti-

gious Patrick Madden Award for Sustainable Agriculture 

from USDA’s Sustainable Agriculture Research and 

Education (SARE) program in 2006.

The Hitts are convinced that the complexity built 

into their rotations has led to a reduction, rather than 

an increase, in their workload. Alex—who has found 

time over the years to volunteer for SARE committees—

estimates that about ten days of work are required to 

manage the cover crops within his rotations each year. A 

week is used in the fall to seed, prepare, and hill 3 acres. 

In the spring, covers are mowed weekly as needed, and 

beds are turned under or rolled prior to planting. Once 

cash crops are harvested, rotational units are mowed, 

disked, and seeded with a summer cover crop, all in 

the same day. After eight weeks, this summer cover is 

mowed down and disked in preparation for another cash 

or cover crop planting.

The Hitts believe such time is well spent. “There 

are	a	billion	benefits	from	cover	crops,”	Alex	says.	“We	

have really active soil—we can see it by the good crops 

we grow, and by the problems we don’t have. The whole 

[farm] is really in balance, and the rotation and cover 

crops have a lot to do with that.”

—uPdated by aMy kreMen
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aleX and betsy hitt’s rotations 

Key: O-CC	=	oats	with	crimson	clover.	R-HV	=	rye	with	hairy	vetch.	SG-CP	=	sudan	grass	with	cowpeas.

M-SB = millet with soybeans. FP = fall planted.

Main field rotation: 5 years
Year 1.  O-CC	→	spring	lettuce	followed	by	summer	flowers	→ R-HV.

Year 2.  Peppers (half no-till into rye/hairy vetch) →	O-CC.	

Year 3.		Half	hardy	flowers/1st	summer	flowers	→	SG-CP	→	O-CC.

Year 4.  Spring	vegetables	followed	by	summer	flowers	→	overwintered	flowers	(no	cover	crop).

Year 5.  Overwintered	flowers	→	SG-CP	→	O-CC.

Rotation for 16-by-48-foot sliding tunnels: 12 years
Year 1.		 O-CC	→ tunnel moves over → tomatoes → fall-planted hardy vegetables → tunnel moves off.

Year 2.  FP hardy vegetables → M-SB lettuce and late-winter-planted vegetables. 

Year 3.  Overwintered bulb crops → late-summer lettuce → late-winter-planted vegetables.

Year 4.  Late-winter-planted vegetables → tunnel moves off → M-SB →	O-CC.

Year 5.		O-CC	→ tunnel moves over → melons, cucumbers → FP hardy vegetables → tunnel moves off.

Year 6.  FP hardy vegetables → M-SB → overwintered bulb crops planted  → tunnel moves over.

Year 7.  Overwintered bulb crops → late-summer lettuce and late-winter-planted vegetables.

Year 8.  Late-winter-planted vegetables → tunnel moves off → M-SB →	O-CC.

Year 9.		O-CC	→ tunnel moves over → tomatoes → FP hardy vegetables → tunnel moves off.

Year 10.  FP hardy vegetables → M-SB → overwintered bulb crops planted → tunnel moves over.

Year 11.  Overwintered bulb crops → late-summer lettuce and late-winter-planted vegetables.

Year 12.  Late-winter-planted vegetables → tunnel moves off → M-SB →	O-CC.

Rotation for heavy and flood-prone soils: 3 years
Year 1.  Winter squash into no-till into rye/hairy vetch residue →	O-CC.

Year 2.  Sweet corn (part no-till) → R-HV

Year 3.  Mixed	vegetables	and	flowers,	grown	using	no-till	if	possible	→ R-HV.

Rotation for multi-bay tunnels: 3 years
Year 1.  Tomatoes half no-till into rye w/ hairy vetch residue →	O-CC.

Year 2.  Mixed	early	and	mid-season	flowers	→ R-HV.

Year 3.		 SG-CP	→ half wheat w/ crimson clover, half rye w/ hairy vetch (prior to tomatoes).
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Chapter 12

aniMal Manures
For inCreasing organiC Matter and suPPlying nutrients

The quickest way to rebuild a poor soil is to practice dairy farming, growing forage crops, buying . . . 

grain rich in protein, handling the manure properly, and returning it to the soil promptly.

—J. l. hills, C. h. Jones, and C. Cutler, 1908

Once cheap fertilizers became widely available after 

World War II, many farmers, extension agents, and 

scientists looked down their noses at manure. People 

thought more about how to get rid of manure than how 

to	put	it	to	good	use.	In	fact,	some	scientists	tried	to	find	

out the absolute maximum amount of manure that could 

be applied to an acre without reducing crop yields. Some 

farmers who didn’t want to spread manure actually piled 

it	next	to	a	stream	and	hoped	that	next	spring’s	flood	

waters would wash it away. We now know that manure, 

like money, is better spread around than concentrated 

in a few places. The economic contribution of farm 

manures can be considerable. On a national basis, the 

manure	from	100	million	cattle,	60	million	hogs,	and	9	

billion chickens contains about 23 million tons of nitro-

gen. At a value of 50 cents per pound, that works out to 

a	value	of	about	$25	billion	for	just	the	N	contained	in	

animal manures. The value of the nutrients in manure 

from	a	100-cow	dairy	farm	may	exceed	$20,000	per	

year;	manure	from	a	100-sow	farrow-to-finish	operation	

is	worth	about	$16,000;	and	manure	from	a	20,000-

bird	broiler	operation	is	worth	about	$6,000.	The	

other	benefits	to	soil	organic	matter	buildup,	such	as	

enhanced soil structure and better diversity and activity 

of soil organisms, may double the value of the manure. 

If	you’re	not	getting	the	full	fertility	benefit	from	

manures on your farm, you may be wasting money.

Animal manures can have very different proper-

ties, depending on the animal species, feed, bedding, 

handling, and manure-storage practices. The amounts of 

nutrients in the manure that become available to crops 

also depend on what time of year the manure is applied 

and how quickly it is worked into the soil. In addition, 

the	influence	of	manure	on	soil	organic	matter	and	plant	

growth	is	influenced	by	soil	type.	In	other	words,	it’s	

impossible to give blanket manure application recom-

mendations. They need to be tailored for every situation.

We’ll start the discussion with dairy cow manure but 
Photo by Edwin Remsburg
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will also offer information about the handling, charac-

teristics, and uses of some other animal manures.

MANURE HANDlINg SYSTEMS
Solid versus Liquid
The type of barn on the farmstead frequently determines 

how manure is handled on a dairy farm. Dairy-cow 

manure containing a fair amount of bedding, usually 

around	20%	dry	matter	or	higher,	is	spread	as	a	solid.	

This is most common on farms where cows are kept 

in individual stanchions or tie-stalls. Liquid manure-

handling systems are common where animals are kept 

in a “free stall” barn and minimal bedding is added to 

the manure. Liquid manure is usually in the range of 

from	2%	to	12%	dry	matter	(88%	or	more	water),	with	

the	lower	dry	matter	if	water	is	flushed	from	alleys	

and passed through a liquid-solid separator or large 

amounts of runoff enter the storage lagoon. Manures 

with characteristics between solid and liquid, with dry 

matter	between	12%	and	20%,	are	usually	referred	to	as	

semisolid.

Composting	manures	is	becoming	an	increasingly	

popular option for farmers. By composting manure, 

you help stabilize nutrients (although considerable 

ammonium is usually lost in the process), have a smaller 

amount of material to spread, and have a more pleas-

ant material to spread—a big plus if neighbors have 

complained about manure odors. Although it’s easier 

to compost manure that has been handled as a solid, 

it does take a lot of bedding to get fresh manure to a 

20%	solid	level.	Some	farmers	are	separating	the	solids	

from liquid manure and then irrigating with the liquid 

and composting the solids. Some are separating solids 

following digestion for methane production and burning 

the gas to produce electricity or heat. Separating the 

liquid allows for direct composting of the solids without 

any added materials. It also allows for easier transport 

of the solid portion of the manure for sale or to apply 

to	remote	fields.	For	a	more	detailed	discussion	of	

composting,	see	chapter	13.

Some dairy farmers have built what are called 

“compost barns.” No, the barns don’t compost, but 

they are set up similar to a free-stall barn, where bed-

ding and manure just build up over the winter and the 

pack is cleaned out in the fall or spring. However, with 

composting barns, the manure is stirred or turned twice 

daily	with	a	modified	cultivator	on	a	skid	steer	loader	

or	small	tractor	to	a	depth	of	8	to	10	inches;	sometimes	

ceiling fans are used to help aerate and dry the pack dur-

ing each milking. Some farmers add a little new bedding 

each day, some do it weekly, and others do it every two 

to	five	weeks.	In	the	spring	and	fall	some	or	all	of	the	

bedding can be removed and spread directly or built into 

a	traditional	compost	pile	for	finishing.	Although	farm-

ers	using	this	system	tend	to	be	satisfied	with	it,	there	is	

a concern about the continued availability of wood shav-

ings and sawdust for bedding. More recently, vermicom-

posting has been introduced as a way to process dairy 

manure. In this case, worms digest the manure, and the 

castings provide a high-quality soil amendment.

Manure from hogs can also be handled in different 

ways. Farmers raising hogs on a relatively small scale 

sometimes	use	hoop	houses,	frequently	placed	in	fields,	

with	bedding	on	the	floor.	The	manure	mixed	with	bed-

ding	can	be	spread	as	a	solid	manure	or	composted	first.	

The larger, more industrial-scale farmers mainly use 

little	to	no	bedding	with	slatted	floors	over	the	manure	

pit and keep the animals clean by frequently washing the 

floors.	The	liquid	manure	is	held	in	ponds	for	spreading,	

mostly in the spring before crops are planted and in the 

fall after crops have been harvested. Poultry manure is 

handled with bedding (especially for broiler production) 

or little to no bedding (industrial-scale egg production).

Storage of Manure
Researchers have been investigating how best to handle, 

store, and treat manure to reduce the problems that 

come with year-round manure spreading. Storage 
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allows the farmer the opportunity to apply manure 

when it’s best for the crop and during appropriate 

weather conditions. This reduces nutrient loss from the 

manure,	caused	by	water	runoff	from	the	field.	However,	

significant	losses	of	nutrients	from	stored	manure	also	

may occur. One study found that during the year dairy 

manure	stored	in	uncovered	piles	lost	3%	of	the	solids,	

10%	of	the	nitrogen,	3%	of	the	phosphorus,	and	20%	of	

the	potassium.	Covered	piles	or	well-contained	bottom-

loading liquid systems, which tend to form a crust on the 

surface, do a better job of conserving the nutrients and 

solids than unprotected piles. Poultry manure, with its 

high	amount	of	ammonium,	may	lose	50%	of	its	nitro-

gen during storage as ammonia gas volatilizes, unless 

precautions are taken to conserve nitrogen. Regardless 

of storage method, it is important to understand how 

potential losses occur in order to select a storage method 

and location that minimize environmental impact.

cHEMIcAl cHARAcTERISTIcS OF MANURES
A high percentage of the nutrients in feeds passes right 

through animals and ends up in their manure. Depending 

on	the	ration	and	animal	type,	over	70%	of	the	nitrogen,	

60%	of	the	phosphorus,	and	80%	of	the	potassium	fed	

may pass through the animal as manure. These nutrients 

are available for recycling on cropland. In addition to the 

nitrogen, phosphorus, and potassium contributions given 

in	table	12.1,	manures	contain	significant	amounts	of	

other nutrients, such as calcium, magnesium, and sulfur. 

For example, in regions that tend to lack the micronutri-

ent	zinc,	there	is	rarely	any	crop	deficiency	found	on	soils	

receiving regular manure applications.

The	values	given	in	table	12.1	must	be	viewed	with	

some caution, because the characteristics of manures 

from even the same type of animal may vary consider-

ably from one farm to another. Differences in feeds, 

mineral supplements, bedding materials, and storage 

chAPter 12 aniMal Manures

Table 12.1
Typical Manure Characteristics

Dairy Cow Beef Cow Chicken Hog
DRy MATTER CONTENT (%) 
Solid 26 23 55 9
Liquid (fresh, diluted) 7 8 17 6
TOTAL NUTRIENT CONTENT (APPROxIMATE) 
Nitrogen 

pounds/ton 10 14 25 10
pounds/1,000 gallons 25 39 70 28

Phosphate, as P2O5 
pounds/ton 6 9 25 6
pounds/1,000 gallons 9 25 70 9

Potash, as K2O 
pounds/ton 7 11 12 9
pounds/1,000 gallons 20 31 33 34

Approximate amounts of solid and liquid manure to  
supply 100 pounds N for a given species of animal*

solid manure (tons) 10 7 4 10
liquid manure (gallons) 4000 2500 1500 3600

*Provides similar amounts of nutrients.
Source: Modified from various sources. 
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systems make manure analyses quite variable. Yet as 

long as feeding, bedding, and storage practices remain 

relatively stable on a given farm, manure nutrient 

characteristics will tend to be similar from year to year. 

However, year-to-year differences in rainfall can affect 

stored manure through more or less dilution.

The major difference among all the manures is that 

poultry	manure	is	significantly	higher	in	nitrogen	and	

phosphorus than the other manure types. This is partly 

due to the difference in feeds given poultry versus other 

farm animals. The relatively high percentage of dry mat-

ter in poultry manure is also partly responsible for the 

higher analyses of certain nutrients when expressed on a 

wet ton basis.

It is possible to take the guesswork out of estimat-

ing manure characteristics; most soil-testing laborato-

ries will also analyze manure. Manure analysis should 

become a routine part of the soil fertility management 

program on animal-based farms. This is of critical 

importance for routine manure use. For example, while 

the average liquid dairy manure is around 25 pounds of 

N	per	1,000	gallons,	there	are	manures	that	might	be	

10	pounds	N	or	less	OR	40	pounds	N	or	more	per	1,000	

gallons. Recent research efforts have focused on more 

efficient	use	of	nutrients	in	dairy	cows,	and	N	and	P	

intake	can	often	be	reduced	by	up	to	25%	without	losses	

in productivity. This helps reduce nutrient surpluses on 

farms using only needed P. 

EFFEcTS OF MANURINg ON SOIlS
Effects on Organic Matter
When	considering	the	influence	of	any	residue	or	organic	

material on soil organic matter, the key question is how 

much solids are returned to the soil. Equal amounts of 

different types of manures will have different effects on 

soil organic matter levels. Dairy and beef manures con-

tain	undigested	parts	of	forages	and	may	have	significant	

quantities of bedding. They therefore have a high amount 

of complex substances, such as lignin, that do not decom-

pose readily in soils. Using this type of manure results 

in	a	much	greater	long-term	influence	on	soil	organic	

matter than does a poultry or swine manure without 

bedding. More solids are commonly applied to soil with 

solid-manure-handling systems than with liquid systems, 

because greater amounts of bedding are usually included. 

A number of trends in dairy farming mean that manures 

may have less organic material than in the past. One is 

the use of sand as bedding material in free-stall barns, 

much of which is recovered and reused. The other is the 

separation of solids and liquids with the sale of solids or 

the use of digested solids as bedding. Under both situa-

tions	much	less	organic	solids	are	returned	to	fields.	On	

the other hand, the bedded pack (or compost barn) does 

produce a manure that is high in organic solid content.

When conventional tillage is used to grow a crop 

such as corn silage, whose entire aboveground portion 

is harvested, research indicates that an annual applica-

tion of 20 to 30 tons of the solid type of dairy manure 
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forMs of nItroGen In MAnures
Nitrogen in manure occurs in three main forms: am-

monium (NH4
+), urea (a soluble organic form, easily 

converted to ammonium), and solid, organic N. Ammo-

nium is readily available to plants, and urea is quickly 

converted to ammonium in soils. However, while 

readily available when incorporated in soil, both am-

monium and urea are subject to loss as ammonia gas 

when left on the surface under drying conditions—

with significant losses occurring within hours of apply-

ing to the soil surface. Some manures may have half 

or three-quarters of their N in readily available forms, 

while others may have 20% or less in these forms. Ma-

nure analysis reports usually contain both ammonium 

and total N (the difference is mainly organic N), thus 

indicating how much of the N is readily available—but 

also subject to loss if not handled carefully.
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per acre is needed to maintain soil organic matter (table 

12.2).	As	discussed	above,	a	nitrogen-demanding	crop,	

such as corn, may be able to use all of the nitrogen in 20 

to 30 tons of manure. If more residues are returned to 

the soil by just harvesting grain, lower rates of manure 

application	will	be	sufficient	to	maintain	or	build	up	soil	

organic matter.

An example of how a manure addition might bal-

ance	annual	loss	is	given	in	figure	12.1.	One	Holstein	

“cow year” worth of manure is about 20 tons. Although 

20 tons of anything is a lot, when considering dairy 

manure, it translates into a much smaller amount of 

solids. If the approximately 5,200 pounds of solid mate-

rial in the 20 tons is applied over the surface of one acre 

and mixed with the 2 million pounds of soil present to 

a 6-inch depth, it would raise the soil organic matter by 

about	0.3%.	However,	much	of	the	manure	will	decom-

pose during the year, so the net effect on soil organic 

matter	will	be	even	less.	Let’s	assume	that	75%	of	the	

solid	matter	decomposes	during	the	first	year,	and	the	

carbon	ends	up	as	atmospheric	CO2. At the beginning 

of	the	following	year,	only	25%	of	the	original	5,200	

pounds,	or	1,300	pounds	of	organic	matter,	is	added	

to the soil. The net effect is an increase in soil organic 

matter	of	0.065%	(the	calculation	is	[1,300/2,000,000]	

x	100).	Although	this	does	not	seem	like	much	added	

organic	matter,	if	a	soil	had	2.17%	organic	matter	and	

3%	of	that	was	decomposed	annually	during	cropping,	

the	loss	would	be	0.065%	per	year,	and	the	manure	

addition would just balance that loss. Manures with 

lower amounts of bedding, although helping maintain 

organic matter and adding to the active (“dead”) por-

tion, will not have as great an effect as manures contain-

ing a lot of bedding material.

USINg MANURES
Manures, like other organic residues that decompose 

easily and rapidly release nutrients, are usually applied 

to	soils	in	quantities	judged	to	supply	sufficient	nitrogen	

for the crop being grown in the current year. It might 

be better for building and maintaining soil organic 

matter to apply manure at higher rates, but doing so 

may cause undesirable nitrate accumulation in leafy 

crops and excess nitrate leaching to groundwater. High 

nitrate levels in leafy vegetable crops are undesirable in 

terms of human health, and the leaves of many plants 

with high N seem more attractive to insects. In addition, 

salt damage to crop plants can occur from high manure 
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The application of manures causes many soil changes—biological, 
chemical, and physical. A few of these types of changes are indicated 
in table 12.2, which contains the results of a long-term experiment in 
Vermont with continuous corn silage on a clay soil. Manure counter-
acted many of the negative effects of a monoculture cropping system 
in which few residues are returned to the soil. Soil receiving 20 tons of 
dairy manure annually (wet weight, including bedding—equivalent to 
approximately 8,000 pounds of solids) maintained organic matter and 
CEC levels and close to the original pH (although acid-forming nitrogen 
fertilizers also were used). Manures, such as from dairy and poultry, have 
liming effects and actually counteract acidification. (Note: If instead of 
the solid manure, liquid had been used to supply N and other nutrients 
for the crop, there would not have been anywhere near as large a benefi-
cial effect on soil organic matter, CEC, and pore space.) 

High rates of manure addition caused a buildup of both phosphorus 
and potassium to high levels. Soil in plots receiving manures were better 
aggregated and less dense and, therefore, had greater amounts of pore 
space than fields receiving no manure.

The Influence of Manure on Many Soil Properties

Table 12.2
Effects of 11 Years of Manure Additions on Soil Properties

Application Rate (tons/acre/year)
Original 

Level none 10 tons 20 tons 30 tons

Organic matter 5.2 4.3 4.8 5.2 5.5

CEC (me/100g) 19.8 15.8 17.0 17.8 18.9

pH 6.4 6.0 6.2 6.3 6.4
P (ppm)* 4.0 6.0 7.0 14.0 17.0
K (ppm)* 129.0 121.0 159.0 191.0 232.0
Total pore 
space (%) ND 44.0 45.0 47.0 50.0

* P and K levels with 20 and 30 tons of manure applied annually are 
much higher than crop needs (see table 21.3A, p. 249). 
Note: ND = not determined. 
Sources: Magdoff and Amadon (1980); Magdoff and Villamil (1977).
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application	rates,	especially	when	there	is	insufficient	

leaching by rainfall or irrigation. Very high amounts 

of added manures, over a period of years, also lead to 

high	soil	phosphorus	levels	(table	12.2).	It	is	a	waste	of	

money and resources to add unneeded nutrients to the 

soil, nutrients that will only be lost by leaching or runoff 

instead of contributing to crop nutrition.

Application Rates
A common per-acre rate of dairy-manure applica-

tion	is	10	to	30	tons	fresh	weight	of	solid,	or	4,000	to	

11,000	gallons	of	liquid,	manure.	These	rates	will	supply	

approximately	50	to	150	pounds	of	available	nitrogen	

(not total) per acre, assuming that the solid manure is 

not too high in straw or sawdust and actually ties up 

soil nitrogen for a while. If you are growing crops that 

don’t need that much nitrogen, such as small grains, 

10	to	15	tons	(around	4,000	to	6,000	gallons)	of	solid	

manure	should	supply	sufficient	nitrogen	per	acre.	For	

a crop that needs a lot of nitrogen, such as corn, 20 to 

30	tons	(around	8,000	to	12,000	gallons)	per	acre	may	

be necessary to supply its nitrogen needs. Low rates of 

about	10	tons	(around	4,000	gallons)	per	acre	are	also	

suggested for each of the multiple applications used on a 

grass hay crop. In total, grass hay crops need at least as 

much total nitrogen applied as does a corn crop. There 

has been some discussion about applying manures to 

legumes. This practice has been dis-

couraged because the legume uses the 

nitrogen from the manure, and much 

less	nitrogen	is	fixed	from	the	atmo-

sphere. However, the practice makes 

sense on intensive animal farms where 

there can be excess nitrogen—although 

grasses may then be a better choice for 

manure application.

For	the	most	nitrogen	benefit	to	

crops, manures should be incorporated 

into the soil in the spring immedi-

ately after spreading on the surface. About half of the 

total nitrogen in dairy manure comes from the urea in 

urine that quickly converts to ammonium (NH4
+). This 

ammonium represents almost all of the readily avail-

able nitrogen present in dairy manure. As materials 

containing urea or ammonium dry on the soil surface, 

the ammonium is converted to ammonia gas (NH3) and 

lost to the atmosphere. If dairy manure stays on the soil 

surface,	about	25%	of	the	nitrogen	is	lost	after	one	day,	

and	45%	is	lost	after	four	days—but	that	45%	of	the	total	

represents	around	70%	of	the	readily	available	nitrogen.	

This	problem	is	significantly	lessened	if	about	half	an	

inch of rainfall occurs shortly after manure application, 

leaching ammonium from the manure into the soil. 

Leaving manure on the soil surface is also a problem, 

because	runoff	waters	may	carry	significant	amounts	

of	nutrients	from	the	field.	When	this	happens,	crops	

don’t	benefit	as	much	from	the	manure	application,	and	

surface waters become polluted. Some liquid manures—

those with low solids content—penetrate the soil more 

deeply. When applied at normal rates, these manures 

will not be as prone to lose ammonia by surface drying. 

However, in humid regions, much of the ammonia-N 

from manure may be lost if it is incorporated in the fall 

when no crops are growing.

Other nutrients contained in manures, in addi-

tion to nitrogen, make important contributions to soil 
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20 tons fresh-weight dairy manure 
at 13% dry matter = 
5,200 lbs of solids

lost by decomposition =
1,300 lbs

x 0.25
(75% decomposes 

in first year)

gain from manure = 1,300 lbs
soil organic matter

2,000,000 lbs in surface 6 inches x 0.0217 = 
43,400 lbs of organic matter

x 0.03
(3% decomposes 

per year)

Figure 12.1. Example of dairy manure addition just balancing soil organic matter losses.
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fertility. The availability of phosphorus and potassium in 

manures should be similar to that in commercial fertil-

izers. (However, some recommendation systems assume 

that	only	around	50%	of	the	phosphorus	and	90%	of	the	

potassium is available.) The phosphorus and potassium 

contributions contained in 20 tons of dairy manure are 

approximately equivalent to about 30 to 50 pounds of 

phosphate	and	180	to	200	pounds	of	potash	from	fertil-

izers. The sulfur content as well as trace elements in 

manure, such as the zinc previously mentioned, also add 

to the fertility value of this resource.

Because one-half of the nitrogen and almost all of 

the phosphorus is in the solids, a higher proportion of 

these nutrients remain in sediments at the bottom when 

a liquid system is emptied without properly agitating the 

manure. Uniform agitation is recommended if the goal 

is to apply similar levels of solids and nutrients across 

target	fields.	A	manure	system	that	allows	significant	

amounts of surface water penetration and then drain-

age, such as a manure stack of well-bedded dairy or 

beef cow manure, may lose a lot of potassium because 

it	is	so	soluble.	The	20%	leaching	loss	of	potassium	

from stacked dairy manure mentioned above occurred 

because potassium was mostly found in the liquid por-

tion of the manure.

Timing of Applications
Manures are best applied to annual crops, such as corn, 

small grains, and vegetables, in one dose just before soil 

tillage (unless a high amount of bedding is used, which 

might tie up nitrogen for a while—see the discussion of 

C:N	ratios	in	chapter	9).	This	allows	for	rapid	incorpora-

tion by plow, chisel, harrow, disk, or aerator. Even with 

reduced tillage systems, application close to planting 

time is best, because the possibility of loss by runoff 

and erosion is reduced. It also is possible to inject liquid 

manures either just before the growing season starts or 

as a side-dressing to row crops. Fall manure applica-

tions on annual row crops, such as corn, may result in 

considerable nitrogen loss, even if manure is incorpo-

rated. Losses of nitrogen from fall-applied manure in 

humid	climates	may	be	as	much	as	25%	to	50%—result-

ing from conversion of ammonium to nitrate and then 

leaching	and	denitrification	before	nitrogen	is	available	

to next year’s crop. It was determined in modeling 

studies that fall applications of liquid manure posed the 

greatest risk for nitrate leaching in a dairy system in 

New York.

Without any added nitrogen, perennial grass hay 

crops	are	constantly	nitrogen	deficient.	Application	of	a	

moderate	rate	of	manure—about	50–75	pounds	worth	

of available nitrogen—in early spring and following each 

harvest is the best way to apply manure. Spring applica-

tions may be at higher rates, but wet soils in early spring 

may not allow manure application without causing 

significant	compaction.

Although the best use of manure is to apply it near 

the time when the crop needs the nutrients, sometimes 

time	and	labor	management	or	insufficient	storage	
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Figure 12.2. Injection of liquid manure into shallow frozen soils, which 
eliminates compaction concerns and reduces spring application volumes. 
Photo by Eleanor Jacobs.
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capacity causes farmers to apply it at other times. In the 

fall,	manure	can	be	applied	to	grasslands	that	don’t	flood	

or	to	tilled	fields	that	will	either	be	fall-plowed	or	planted	

to a winter cover crop. Although legal in most states, it is 

not a good practice to apply manures when the ground 

is frozen or covered with snow. The nutrient losses that 

can occur with runoff from winter-applied manure are 

both an economic loss to the farm and an environmental 

concern. Ideally, winter surface applications of manure 

would be done only on an emergency basis. However, 

research on frost tillage has shown that there are win-

dows of opportunity for incorporating and injecting 

winter-applied manure during periods when the soil has a 

shallow	frozen	layer,	2	to	4	inches	thick	(see	chapter	16).	

Farmers in cold climates may use those time periods to 

inject	manure	during	the	winter	(figure	12.2),	although	

the windows of opportunity may be limited.

POTENTIAl PROblEMS
As we all know, too much of a good thing is not neces-

sarily good. Excessive manure applications may cause 

plant-growth problems. It is especially important not to 

apply excess poultry manure, because the high soluble-

salt content can harm plants.

Plant growth is sometimes retarded when high rates 

of fresh manure are applied to soil immediately before 

planting. This problem usually doesn’t occur if the fresh 

manure decomposes for a few weeks in the soil and can 

be avoided by using a solid manure that has been stored 

for a year or more. Injection of liquid manure sometimes 

causes problems when used on poorly drained soils in 

wet years. The extra water applied and the extra use of 

oxygen by microorganisms may mean less aeration for 

plant roots, and loss of readily plant-available nitrate by 

denitrification	may	also	be	occurring.

When	manures	are	applied	regularly	to	a	field	to	

provide enough nitrogen for a crop like corn, phospho-

rus and potassium may build up to levels way in excess 

of	crop	needs	(see	table	12.2).	When	ammonium	is	

properly conserved, the manure rate necessary to meet 

crop nitrogen requirement is substantially reduced. 

Correspondingly,	phosphorus	and	potassium	applica-

tions are moderated, reducing or eliminating the accu-

mulation of these nutrients in soil.

When manure is applied based upon needed or 

allowed P additions, as required by some nutrient man-

agement plans, N-conserving management means that 

less fertilizer N will be needed. Erosion of phosphorus-
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e. coLI 0157:h7
The bacteria strain known as E. coli 0157: H7 has caused numerous outbreaks of severe illness in people who ate contaminated 

meat and a few known outbreaks from eating vegetables—once when water used to wash lettuce was contaminated with ani-

mal manure and once from spinach grown near a cattle farm. This particular bacteria is a resident of cows’ digestive systems. It 

does no harm to the cow, but—probably because of the customary practice of feeding low levels of antibiotics when raising 

cattle—it is resistant to a number of commonly used antibiotics for humans. This problem only reinforces the commonsense 

approach to manure use. When using manure that has not been thoroughly composted to grow crops for direct human 

consumption—especially leafy crops like lettuce that grow low to the ground and root crops such as carrots and potatoes—

special care should be taken. Before planting your crop, avoid problems by planning a three-month period between incorpora-

tion and harvest. For short-season crops, this means that the manure should be incorporated long before planting. Although 

there has never been a confirmed instance of contamination of vegetables by E. coli 0157: H7 or other disease organisms from 

manure incorporated into the soil as a fertility amendment, being cautious and erring on the side of safety is well justified.
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rich topsoils contributes sediments and phosphorus to 

streams and lakes, polluting surface waters. When very 

high phosphorus buildup occurs from the continual 

application of manure at rates to satisfy crop nitrogen 

needs, it may be wise to switch the application to other 

fields	or	to	use	strict	soil	conservation	practices	to	trap	

sediments before they enter a stream. Including rota-

tion crops, such as alfalfa—that do not need manure for 

N—allows a “draw-down” of phosphorus that accumu-

lates from manure application to grains. (However, this 

may	mean	finding	another	location	to	apply	manure.	For	

a more detailed discussion of nitrogen and phosphorus 

management,	see	chapter	19.)

Farmers that purchase much of their animal feed 

may have too much manure to safely use all the nutri-

ents on their own land. Although they don’t usually 

realize it, they are importing large quantities of nutri-

ents in the feed that remain on the farm as manures. If 

they apply all these nutrients on a small area of land, 

nitrogen and phosphorus pollution of groundwater and 

surface water is much more likely. It is a good idea to 

make arrangements with neighbors for use of the excess 

manure. Another option, if local outlets are available, 

is	to	compost	the	manure	(see	chapter	13)	and	sell	the	

product to vegetable farmers, garden centers, landscap-

ers, and directly to home gardeners.

Poultry and hogs are routinely fed metals such as 

copper and arsenic that appear to stimulate animal 

growth. However, most of the metals end up in the 

manure. In addition, dairy farmers using liquid manure 

systems commonly dump the used copper sulfate solu-

tions that animals walk through to protect foot health 

into the manure pit. The copper content of average liq-

uid	dairy	manures	in	Vermont	increased	about	fivefold	

between	1992	and	the	early	2000s—from	about	60	to	

over 300 ppm on a dry matter basis—as more farm-

ers used copper sulfate footbaths for their animals and 

disposed of the waste in the liquid manure. Although 

there are few reports of metal toxicity to either plants or 

animals from the use of animal manures, if large quanti-

ties of high-metal-content manure are applied over the 

years, soil testing should be used to track the buildup.

Another	potential	issue	is	the	finding	that	plants	can	

take up antibiotics from manure applied to soil. About 

70%	of	the	antibiotics	used	in	animal	agriculture	ends	

up in the manure. Although the amounts of antibiotics 

taken up by plants are small, this is an issue that may be 

of concern when using manures from concentrated ani-

mal production facilities that use considerable amounts 

of these substances.

SUMMARY
Animal manures can be very useful sources of amend-

ments for building healthy soils. They are high in nutri-

ents needed by plants and, depending on the species 

and the amount of bedding used, may help build and 

maintain soil organic matter levels. Because of the wide 

variability of the characteristics of manures, even from 

the same species—depending on feeding, bedding, and 

manure handling practices—it is important to analyze 

manures to more accurately judge the needed applica-

tion rates. When using manures, it is important to keep 

in mind the potential limitations—pathogen contamina-

tion of crops for direct human consumption; accumula-

tions of potentially toxic metals from high application 

of certain manures; and overloading the soil with N or P 

by applying rates that are in excess of needs, as demon-

strated by soil test and known crop uptake.
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darrell Parks
Manhattan, kansas

a case study

Even if Darrell Parks didn’t like working with hogs, he 

would still raise them on his 600-acre farm in the Flint 

Hills	of	Kansas,	if only for the manure that makes up a key 

part of his soil fertility program. Each year, Parks’s farm 

produces	forty-five	sows	plus	corn,	milo,	wheat,	soybeans,	

and alfalfa.

Parks spot-treats his land with hog manure to help 

areas needing extra fertility. He likes how targeting prob-

lem areas with thicker applications of manure corrects soil 

micronutrient	deficiencies.	“I’ve	been	working	to	better	

utilize farm-produced manure and cover crops as well as a 

crop rotation and management system that will allow me 

to eliminate purchased fertilizer, herbicides, and insec-

ticides,” says Parks, who received a grant from USDA’s 

Sustainable Agriculture Research and Education (SARE) 

program to hone his use of manure on cropland. He was 

successful in that endeavor, and his cropland has been 

certified	organic	since	1996.

Parks’s crops are raised mainly in two rotations. In one 

rotation, alfalfa is grown for three years, followed by a year 

each of corn and soybeans before returning to alfalfa. In 

the other, he plants Austrian winter peas in the late fall fol-

lowing wheat harvest. The peas, incorporated in the spring, 

are followed with a cash crop of milo or soybeans prior to a 

fall- or spring-planted wheat crop.

To	ensure	a	sufficient	nutrient	supply	for	his	wheat	

crops,	Parks	typically	treats	his	wheat	fields	with	liquid	

manure at a rate of approximately 660 gallons per acre. He 

collects this manure in a concrete pit adjacent to a building 

where sows are housed for brief periods during breeding or 

when being sold. The liquid manure, for which he does not 

typically obtain a nutrient analysis, “catches a lot of rainfall 

and is fairly dilute—[essentially] high-powered water,” he 

says. “I avoid wet conditions when spreading and try to hit 

the wheat in March or April during a dry period on a still 

day, before [the wheat] is too big.” 

Parks sometimes lets older sows out to pasture on 

some	of	his	fields,	where	they	spread	their	own	manure.	

He cautions, however, against pasturing young pigs on 

alfalfa. “You’d think they’d balance their ration better,” he 

says, “but they don’t—they overeat.”

For most of their lives, Parks’s hogs are raised on half 

of	a	10-acre	field.	He	plants	the	remaining	5	acres	to	corn.	

Once the corn is harvested, he moves the hogs and their 

pens over to the “clean ground” of corn stubble. “Going 

back and forth like this seems to work well in keeping the 

worms	down,”	he	says.	And	he	says	that	the	50–60	pounds	

of N per acre put down with the hogs’ manure helps grow 

“some	pretty	good	corn”	in	that	field	each	year.

Parks notes that his tillage regime, on which he is 

dependent for weed control in his organic system, makes 

maintaining and improving his soil organic matter content 

especially challenging. That’s why he remains committed 

to integrating the use of both animal and “green” manures 

on his farm.

In response to organic grain and fuel price spikes, he 

decided recently to reduce the number of hogs he raises from 

sixty	to	forty-five.	Striving	for	economic	sustainability,	he	is	

constantly weighing the pros and cons of becoming more self-

sufficient	by	raising	his	own	feed	for	the	hogs	versus	taking	

advantage of the price premiums for organic grains.

“It’s a hard decision,” he says. “Right now, if I cut down 

on hogs, maybe it would be better economically. But if I get 

out [of raising hogs entirely], it’s not easy to get back in.”

For now, he is betting that over the longer term, he’s 

better off keeping his hogs. “A lot of people don’t like the 

idea of how pigs are raised” within a conventional opera-

tion, he says. “We’re meeting [the demand of] a niche 

market in its infancy that is sure to grow.”

—uPdated by aMy kreMen
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Chapter 13

Making and using CoMPosts

The reason of our thus treating composts of various soils and substances,  

is not only to dulcify, sweeten, and free them from the noxious qualities they otherwise retain. . . .  

[Before composting, they are] apter to ingender vermin, weeds, and fungous . . . than to produce  

wholsome [sic] plants, fruits and roots, fit for the table.

—J. evelyn, 17th Century

Decomposition of organic materials takes place 

naturally	in	forests	and	fields	all	around	us.	Composting	

is the art and science of combining available organic 

wastes so that they decompose to form a uniform and 

stable	finished	product.	Composts	are	excellent	organic	

amendments	for	soils.	Composting	reduces	bulk,	sta-

bilizes soluble nutrients, and hastens the formation of 

humus. Most organic materials, such as manures, crop 

residues, grass clippings, leaves, sawdust, and many 

kitchen wastes, can be composted.

The microorganisms that do much of the work of 

rapid composting perform well at elevated temperatures 

with plenty of oxygen and moisture. These compost-

adapted organisms cover the entire range of warm, 

or	mesophilic	(up	to	110°F),	and	hot,	or	thermophilic	

(from	110°	up	to	130°F	and	even	higher),	conditions.	

Temperatures	above	160°F	can	develop	in	compost	piles,	

helping kill off weed seeds and disease organisms, but 

this overheating usually slows down the process, since 

it may cause extreme drying and triggers a die-off of all 

but the most heat-resistant organisms. At temperatures 

below	110°F,	the	more	prolific	mesophilic	organisms	take	

over and the rate of composting again slows down, espe-

cially as it drops toward ambient temperatures, a process 

known as “curing.” The composting process is slowed by 

anything that inhibits good aeration or the maintenance 

of	high	enough	temperatures	and	sufficient	moisture.

Composting	farm	wastes	and	organic	residues	

from off the farm has become a widespread practice. 

tYPes of coMPostInG
Some people talk about “low-temperature” com-

posting—including “sheet,” worm (vermicomposting), 

and small-pile composting—and “high-temperature” 

composting. We like to use the term “composting” 

only when talking about the rapid decomposition that 

takes place at high temperatures.
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Accepting and composting lawn and garden wastes 

provide some income for farmers near cities and towns. 

They may charge for accepting the wastes and for selling 

compost. Some farmers, especially those without ani-

mals or perennial forage crops that help increase organic 

matter, may want to utilize the compost as a source of 

organic matter for their own soils.

MAKINg cOMPOSTS
Moisture
The amount of moisture in a compost pile is important. 

If the materials mat and rainwater can’t drain easily 

through the pile, it may not stay aerobic in a humid 

climatic zone. On the other hand, if composting is done 

inside a barn or under dry climatic conditions, the pile 

may not be moist enough to allow microorganisms to 

do their job. Moisture is lost during the active phase 

of composting, so it may be necessary to add water to 

a pile. In fact, even in a humid region, it is a good idea 

to	moisten	the	pile	at	first,	if	dry	materials	are	used.	

However, if something like liquid manure is used to pro-

vide	a	high-nitrogen	material,	sufficient	moisture	will	

most likely be present to start the composting process. 

The ideal moisture content of composting material is 

about	40%	to	60%,	or	about	as	damp	as	a	wrung-out	

sponge.	If	the	pile	is	too	dry—35%	or	less—ammonia	is	

lost	as	a	gas,	and	beneficial	organisms	don’t	repopulate	

the compost after the temperature moderates. Very dry, 

dusty composts become populated by molds instead of 

the	beneficial	organisms	we	want.

Types of Starting Materials
The combined organic materials used should have lots 

of carbon and nitrogen available for the microorgan-

isms to use. High-nitrogen materials, such as chicken 

manure, can be mixed with high-carbon materials like 

hay,	straw,	leaves,	or	sawdust.	Compost	piles	are	often	

built by alternating layers of these materials. Turning 

the pile mixes the materials. Manure mixed with saw-

dust or wood chips used for bedding can be composted 

as	is.	Composting	occurs	most	easily	if	the	average	C:N	

ratio	of	the	materials	is	about	25–40	parts	carbon	for	

every	part	nitrogen	(see	chapter	9	for	a	discussion	of	

C:N	ratios).

There are too many different types of materials that 

you might work with to give blanket recommendations 

even bIrds do It

The male brush turkey of Australia gathers leaves, small branches, moss, and other litter and builds a mound about 3 feet high 

and 5 feet across. It then digs holes into the mound repeatedly and refills them—helping to fragment and mix the debris. 

Finally, the pile is covered with a layer of sticks and twigs. The female lays her eggs in a hole dug into the pile, which heats up 

to close to 100°F around the eggs while the outside can be around 65°F. The heat of the composting process frees the birds 

from having to sit on the eggs to incubate them.
—r.s. seyMour  (1991)

chAPter 13 Making and using CoMPosts

A sAMPLe coMPost recIPe
Start with the following:

• grass clippings (77% moisture, 45% C, and 2.4% N)

• leaves (35% moisture, 50% C, and 0.75% N)

• food scraps (80 % moisture, 42% C, and 5.0% N)

The ratio of the materials needed to get 60% moisture 

and a C:N of 30:1 is: 100 lbs of grass, 130 lbs of leaves, 

and 80 lbs of food scraps.

—T. RICHARD (1996b) 
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about how much of each to mix to get the moisture con-

tent	and	the	C:N	into	reasonable	ranges	so	the	process	

can get off to a good start. One example is given in the 

box	“A	Sample	Compost	Recipe”	on	p.	142.

Cornell	University’s	website	for	composting	issues	

(http://cwmi.css.cornell.edu/composting.htm) features 

formulas to help you estimate the proportions of the 

specific	materials	you	might	want	to	use	in	the	compost	

pile. Sometimes it will work out that the pile may be too 

wet,	too	low	in	C:N	(that	means	too	high	in	nitrogen),	

or	too	high	in	C:N	(low	in	nitrogen).	To	balance	your	

pile, you may need to add other materials or change the 

ratios used. The problems can be remedied by adding 

dry	sawdust	or	wood	chips	in	the	first	two	cases	or	nitro-

gen fertilizer in the third. If a pile is too dry, you can add 

water with a hose or sprinkler system.

One thing to keep in mind is that not all carbon is 

equally available for microorganisms. Lignin is not eas-

ily decomposed (we mentioned this when discussing soil 

organisms	in	chapter	4	and	again	in	chapter	9,	when	we	

talked about the different effects that various residues 

have when applied to soil). Although some lignin is 

decomposed during composting—probably depending 

on factors such as the type of lignin and the moisture 

content—high amounts of carbon present as lignin may 

indicate that not all of the carbon will be available for 

rapid composting. When residues contain high amounts 

of	lignin,	it	means	that	the	effective	C:N	can	be	quite	

a bit lower than indicated by using total carbon in the 

calculation	(table	13.1).	For	some	materials,	there	is	little	

difference	between	the	C:N	calculated	with	total	carbon	

and calculated with only biodegradable carbon.

It’s important to avoid using certain materials such as 

coal ash and especially wood chips from pressure-treated 

lumber. And it’s a good idea to go easy using manure 

from pets or large quantities of fats, oils, or waxes. These 

types	of	materials	may	be	difficult	to	compost	or	result	in	

compost containing chemicals that can harm crops.

Wood chips or bark is sometimes used as a bulking 

agent to provide a “skeleton” for good aeration. These 

materials	may	be	recycled	by	shaking	the	finished	com-

post out of the bulking material, which can then be used 

for a few more composting cycles.

Pile Size
A	compost	pile	or	windrow	(figure	13.1)	is	a	large,	

natural convective structure—something like many 

Table 13.1
Total vs. Biodegradable Carbon and Estimated C:N Ratios

Material % carbon c:N % carbon c:N % lignin % cell Wall % Nitrogen

(Total) (biodegradable)

Newsprint 39 115 18 54 21 97 0.34

Wheat straw 51 88 34 58 23 95 0.58

Poultry manure 43 10 42 9 2 38 4.51

Maple wood chips 50 51 44 45 13 32 0.97

Source: T. Richard (1996a). 

chAPter 13 Making and using CoMPosts

Figure 13.1. On-farm composting facility, in which tarps are used to con-
trol moisture and temperature. The piles in the background are curing. 
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chimneys all next to each other. Oxygen moves into the 

pile as carbon dioxide, moisture, and heat rise from it. 

The	materials	need	to	fit	together	in	a	way	that	allows	

oxygen	from	the	air	to	flow	in	freely.	On	the	other	hand,	

it is also important that not too much heat escape from 

the center of the pile. If small sizes of organic materials 

are used, a “bulking agent” may be needed to make sure 

that enough air can enter the pile. Sawdust, dry leaves, 

hay, and wood shavings are frequently used as bulking 

agents. Tree branches need to be “chipped” and hay 

chopped so that these ingredients don’t mat and slow 

composting.	Composting	will	take	longer	when	large	

particles are used, especially those resistant to decay.

The pile needs to be large enough to retain much of 

the heat that develops during composting, but not so 

large	and	compacted	that	air	can’t	easily	flow	in	from	

the	outside.	Compost	piles	should	be	3	to	5	feet	tall	and	

about	6	to	10	feet	across	the	base	after	the	ingredients	

have	settled	(see	figure	13.2).	(You	might	want	it	on	the	

wide side in the winter, to help maintain warm tempera-

tures, while gardeners can make compost in a 3-foot-tall 

by 3-foot-wide pile in the summer.) Easily condensed 

material should initially be piled higher than 5 feet. It is 

possible to have long windrows of composting materials, 

as long as they are not too tall or wide.

Turning the Pile
Turning the composting residues exposes all the materi-

als to the high-temperature conditions at the center 

of the pile, and heat convection further exposes upper 

reaches	of	the	pile	(figure	13.3).	Materials	at	the	lower	

sides of the pile often barely compost. Turning the pile 

rearranges all the materials and creates a new center. If 

piles are gently turned every time the interior reaches 

and	stabilizes	for	a	few	days	at	about	140°F,	it	is	possible	

to complete the composting process within months, all 

other factors of moisture and aeration being optimal. On 

the other hand, if you turn the pile only occasionally, it 

coMPostInG deAd AnIMALs
It is possible to compost dead farm animals, which are sometimes a nuisance to get rid of. Chickens and even dead cows have 

been successfully composted. Cam Tabb, a West Virginia beef and crop farmer, starts the process for large animals by laying 

the carcass, which has been in the open for one day, on a 3- to 4-foot bed of sawdust and horse manure—a good insulating 

material for the foundation. Then he covers it with 3 to 4 feet of sawdust and horse manure. He turns the pile after three 

or four months, although it can be left for months without turning (the Cornell Waste Management Institute recommends 

letting it sit for four to six months). After turning, he places more sawdust and horse manure on the surface to cover any 

exposed materials from the decomposing animal. Other materials with lots of available energy for organisms to use to help 

decomposition, such as corn silage, can also be used for the base or pile covering. The pile should be shaped as a pyramid 

so as to shed water, and when the animal is placed in the pile, there should be at least 2 feet of base material between the 

animal and the outside of the pile.

chAPter 13 Making and using CoMPosts

MInIMuM turnInG technIque
Farm-quality composts can be produced by turning 

the pile only once or twice. You need to carefully con-

struct the pile—building it up to reasonable dimen-

sions, using and thoroughly mixing materials that give 

good porosity, and making sure the pile stays moist. A 

pile that is uniformly heating is getting sufficient air to 

decompose, and therefore may not need turning. As 

the heat declines, the pile may be getting too dense or 

not getting sufficient air, and it may need to be turned.  
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may take a year or longer to complete, especially if it has 

settled down too densely. Equipment is now available 

to quickly turn long compost windrows at large-scale 

composting	facilities	(figure	13.3).	Tractor-powered	

compost turners designed for composting on farms are 

also available, and some farmers use manure spreaders 

to remix and throw out piles.

Although turning compost frequently speeds up 

the process, too much turning may dry out the pile and 

cause more nitrogen and organic matter loss. If the 

pile is too dry, you might consider turning it on a rainy 

day to help moisten it. If the pile is very wet, you might 

want to turn it on a sunny day, or cover it with mois-

ture protective material like chopped straw or compost 

fleece,	a	type	of	breathing	cover	that	is	now	widely	

available. Very frequent turning may not be advanta-

geous, because it can cause the physical breakdown of 

important structural materials that aid natural aeration. 

The right amount of turning depends on a variety of 

factors, such as aeration, moisture, and temperature. 

Turn your compost pile to avoid cold, wet centers; break 

up clumps; and make the compost more uniform later in 

the process before use or marketing. Use caution turn-

ing in cold, windy weather if the pile is warm, for it may 

never reheat.

Figure 13.3. Turning a compost pile at a commercial facility. Photo by 
Alison Jack.

a) Early stage of composting 
(pile about 5 feet tall by 8 to 10 feet at base) 

b) During first turning
(covering now inside and partially

composted material used on top and sides) 

c) After first turning
(pile covered with composted material) 

d) Composting finished
(pile smaller than original size)

oxygen oxygen

water, heat,
and carbon dioxide  

Figure 13.2. Compost pile dimensions and turning techniques. 
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The curing Stage
Following high-temperature composting, the pile should 

be left to cure for about one to three months. Usually, 

this	is	done	once	pile	temperatures	cool	to	105°F	and	

high	temperatures	don’t	recur	following	turning.	Curing	

is especially needed if the active (hot) process is short or 

poorly managed. There is a reduced need to turn the pile 

during curing because the phase of maximum decompo-

sition	is	over	and	there	is	significantly	less	need	for	rapid	

oxygen entry into the pile’s center when the decomposi-

tion rate is slow. (However, the pile may still need turn-

ing during the curing stage if it is very large or didn’t 

really	finish	composting—determining	when	compost	is	

finished	is	sometimes	difficult,	but	if	it	reheats,	it	is	not	

finished—or	is	soaked	by	rain.)	Curing	the	pile	furthers	

aerobic decomposition of resistant chemicals and larger 

particles.	Common	beneficial	soil	organisms	populate	

the pile during curing, the pH becomes closer to neutral, 

ammonium is converted to nitrate, and soluble salts are 

leached	out	if	the	pile	is	outside	and	sufficient	precipita-

tion occurs. Be sure to maintain water content at the 

moisture-holding	capacity	(around	50%	or	less	during	

curing)	to	ensure	that	active	populations	of	beneficial	

organisms develop.

It is thought that the processes that occur during the 

early curing process give compost some of its disease-

suppressing	qualities.	On	the	other	hand,	beneficial	

organisms require sources of food to sustain them. Thus, 

if composts are allowed to cure for too long—depleting 

all the available food sources—disease suppression 

qualities may decrease and eventually be lost.

OTHER cOMPOSTINg TEcHNIQUES
High-temperature piles account for most composting 

in the U.S., but other methods are also used. Instead 

of making piles, small farmers in developing countries 

often	dig	pits	for	composting	(figure	13.4),	especially	in	

dry and hot climates. The pits can be covered with soil 

material to prevent animals from getting into them, and 

they retain moisture in the compost material better.

Vermicomposting involves the use of earth-

worms—typically red worms—to perform the decom-

position process. The method is, in a way, still mostly 

bacteria based, but the process occurs in the gut of 

the worm. The end product is worm casts, coated with 

mucus consisting of polysaccharides that make them 

into somewhat stable aggregates. The system requires 

bedding material—like newspaper strips, cardboard, 

hay, and similar materials—that mimics the decaying 

dried	leaves	that	worms	find	in	their	natural	habitat.	

The	process	is	fast	and	efficient—worms	can	process	half	

their	weight	in	organic	material	in	one	day.	The	final	

product has an attractive feel and smell and is appealing 

to consumers.

Vermicomposting is often used to process kitchen 

scraps and can be done indoors in small bins. Recently, 

vermicomposting methods have been developed for 

large commercial operations. Two main approaches 

are used, using windrows or raised beds. With wind-

rows, new materials are added on one side of the bed, 

and the other side is harvested for compost after about 

sixty days. With the raised-bed or container system—

preferred for indoor operations in colder climates—the 

worms are fed at the top of the beds and the castings 

Figure 13.4. An example of a belowground composting pit, often used by 
small farmers in tropical countries. 
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are removed at the bottom. Some vermicomposting 

operations are connected with livestock farms to process 

manure for export of excess nutrients off the farm as a 

value-added product.

USINg cOMPOSTS
Finished composts generally provide only low relative 

amounts of readily available nutrients. During compost-

ing, much of the nitrogen is converted into more stable 

organic forms, although potassium and phosphorus 

availability remains unchanged. However, it should be 

kept	in	mind	that	composts	can	vary	significantly	and	

some that have matured well may have high levels of 

nitrate. Even though most composts don’t supply a large 

amount of available nitrogen per ton, they still supply 

fair amounts of other nutrients in available forms and 

greatly help the fertility of soil by increasing organic 

matter	and	by	slowly	releasing	nutrients.	Compost	

materials can be tested at selected commercial agricul-

tural and environmental laboratories, which is especially 

important	if	certification	is	sought.	Composts	can	be	

used	on	turf,	in	flower	gardens,	and	for	vegetable	and	

agronomic	crops.	Composts	can	be	spread	and	left	on	

the surface or incorporated into the soil by plowing or 

rototilling.	Composts	also	are	used	to	grow	greenhouse	

crops and form the basis of some potting soil mixes. 

Composts	should	not	be	applied	annually	at	high	rates.	

That is a recipe for overloading the soil with nutrients 

(see discussion in chapter 7).

I don’t make compost because it makes me  

feel good. I do it because composting is the only 

thing I’ve seen in farming that costs less, saves time, 

produces higher yields and saves me money.

—CaM tabb, West virginia beeF and CroP FarMer

dIseAse suPPressIon bY coMPosts
Research by Harry Hoitink and coworkers at Ohio State 

University shows that composts can suppress root and 

leaf diseases of plants. This suppression comes about 

because the plants are generally healthier (microorgan-

isms produce plant hormones as well as chelates that 

make micronutrients more available) and, therefore, 

are better able to resist infection. Beneficial organisms 

compete with disease organisms for nutrients and 

either directly consume the disease-causing organ-

isms or produce antibiotics that kill bacteria. Some 

organisms, such as springtails and mites, “actually 

search out pathogen propagules in soils and devour 

them,” according to Hoitink. In addition, Hoitink 

found that potting mixes containing composts “rich in 

biodegradable organic matter support microorganisms 

that induce systemic resistance in plants. These plants 

have elevated levels of biochemical activity relative 

to disease control and are better prepared to defend 

themselves against diseases.” This includes resistance 

to both root and leaf diseases.

Composts rich in available nitrogen may actually  

stimulate certain diseases, as was found for phy-

tophthora root rot on soybeans, as well as fusarium 

wilts and fire blight on other crops. Applying these 

composts many months before cropping, allowing  

the salts to leach away, or blending them with low-

nitrogen composts prior to application reduces the  

risk of stimulating diseases.

Composting can change certain organic materials used 

as surface mulches—such as bark mulches—from 

stimulating disease to suppressing disease.

chAPter 13 Making and using CoMPosts
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ADVANTAgES OF cOMPOSTINg
Composted	material	is	less	bulky	than	the	original	

material, and easier and more pleasant to handle. 

During the composting process, carbon dioxide and 

water are lost to the atmosphere and the size of the pile 

decreases	by	30–60%.	In	addition,	many	weed	seeds	

and disease-causing organisms may be killed by the 

high temperatures in the pile. Unpleasant odors are 

eliminated. Flies, a common problem around manures 

and other organic wastes, are much less of a problem 

with	composts.	Composting	reduces	or	eliminates	the	

decline in nitrogen availability that commonly occurs 

when organic materials, such as sawdust or straw, are 

added	directly	to	soil.	Composting	is	also	very	useful	for	

recycling kitchen wastes, leftover crop residues, weeds, 

and manures. Many types of local organic waste, such 

as apple pumice, lake weeds, leaves, and grass clippings, 

can be composted.

There is evidence that compost application lowers 

the incidence of plant root and leaf diseases, as men-

tioned. In addition, the chelates and the direct hormone-

like chemicals present in compost stimulate the growth 

of healthy plants. Then there are the positive effects on 

soil physical properties that are derived from improving 

soil	organic	matter.	These	are	some	of	the	broad	benefits	

to plant growth that are attributed to compost.

If you have a large amount of organic waste but not 

much land, composting may be very helpful and may 

create a valuable commercial product that improves 

farm	profitability.	Also,	since	making	compost	decreases	

the solubility of nutrients, composting may help lessen 

pollution in streams, lakes, and groundwater. On many 

poultry farms and on beef feedlots, where high animal 

populations on limited land may make manure applica-

tion a potential environmental problem, composting may 

be	the	best	method	for	handling	the	wastes.	Composted	

material, with about half the bulk and weight of manure, 

and a higher commercial value, can be economically 

transported	significant	distances	to	locations	where	

nutrients are needed. In addition, the high temperatures 

and biological activity during the composting process can 

help to decrease antibiotic levels in manures, which can 

be	taken	up	by	crops	growing	on	manured	land.	Compost	

can also be stored easily, so it can be applied when soil 

and weather conditions are optimal.

Without denying the good reasons to compost, 

there are frequently very good reasons to just add 

organic materials directly to the soil, without compost-

ing.	Compared	with	fresh	residues,	composts	may	not	

ProtectInG drInKInG WAter suPPLIes
Composting of manure is of special interest in watersheds that supply drinking water to cities, such as those that serve New 

York. The parasites Giardia lamblia (beaver fever) and Cryptosporidium parvum cause illness in humans and are shed through 

animal manure, especially young stock. These organisms are very resistant in the environment and are not killed by chlorina-

tion. Composting of manure, however, is an economical option that kills the pathogen and protects drinking water.

The reasons for composting and using composts need 

to be balanced by good practices such as locating 

the pile to minimize runoff and possible pollution 

of surface waters. Compost piles may produce odors 

when turned, so it’s best to site piles away from where 

neighbors might get a more powerful whiff than they’d 

like. Composting in dry regions or under cover may 

produce composts that contain relatively high levels of 

salts, and you may need to apply them at lower rates 

to avoid damaging plants.
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stimulate as much production of the sticky gums that 

help hold aggregates together. Also, some uncomposted 

materials have more nutrients readily available to feed 

plants	than	do	composts.	If	your	soil	is	very	deficient	

in fertility, plants may need readily available nutrients 

from residues. Routine use of compost as a nitrogen 

source may cause high soil phosphorus levels to develop, 

because of the relatively low N:P ratio. Finally, more 

labor and energy usually are needed to compost residues 

than to simply apply the uncomposted residues directly.

SUMMARY
Composting	organic	residues	before	applying	them	to	

soil is a tried and true practice that can, if done cor-

rectly, eliminate plant disease organisms, weed seeds, 

and many (but not all) potentially noxious or undesir-

able	chemicals.	Compost	provides	extra	water-holding	

capacity to a soil, provides a slow release of N, and may 

help to suppress a number of plant disease organisms as 

well	as	enhance	the	plant’s	ability	to	fight	off	diseases.	

Critical	to	good	composting	is	to	have	(a)	plentiful	

decomposable	C-	and	N-containing	materials,	(b)	good	

aeration, (c) moist conditions, and (d) enough size to 

allow high temperatures to develop. It is also necessary 

to turn the pile or windrow to ensure that all the organic 

materials have been exposed to the high temperatures. 

While these and other good reasons to make and use 

compost are important considerations, there are also 

good reasons to directly apply uncomposted organic 

residues to soil.
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CaM tabb
kearneysville, West virginia

a case study

During back-to-back drought years in 2006 and 2007, 

West	Virginia	beef	farmer	Cam	Tabb’s	crop	yields	

exceeded the averages for his area. At times, neigh-

bors have wondered whether Tabb enjoys some kind 

of miraculous microclimate, since he seems to make it 

through dry periods with seemingly little impact.

“I get blamed for getting more water than they got 

because the corn looks better,” laughs Tabb, who raises 

500 Angus beef cattle and grows small grains, hay, and 

corn for grain and silage, using no-till methods, on 

1,900	acres	near	Charles	Town,	West	Virginia.	Tabb	

credits	his	strong	yields	to	fifteen	years	of	applying	

composted	horse,	dairy,	and	cattle	manure	to	his	fields.	

“I get a healthier plant with a better root system because 

my soil structure is better,” he says. “So the rain that you 

do get really sinks in.”

Tabb’s composting efforts, combined with annual 

soil tests and rotations, have done more than improve 

his soil and crop yields; in fact, composting has become 

one of the farm’s most important sources of income.

Tabb has come a long way since he used to pile 

manure on hard-packed ground and watch it ice over 

in the winter. “Before, I handled the manure as a waste, 

not a resource,” he says. “I thought it had to smell bad to 

be any good. That was before I realized that I was smell-

ing nitrogen being lost into the air as ammonia.”

Inspired by a West Virginia University researcher’s 

presentation on back yard composting, Tabb realized he 

needed to add a carbon source to his manure and turn 

the piles to encourage aeration. Once he began mixing in 

sawdust from horse stalls and turning the piles, he was 

on his way to becoming a master composter. Now, after 

years	of	fine-tuning	his	operation,	he	can	talk	about	

compost for hours.

He earns money taking in and hauling away a wide 

range of compostable materials from a faithful clien-

tele—including	several	municipalities,	area	fish	hatcher-

ies, horse operators, and neighbors—that has developed 

simply through word of mouth. “People can pay me at 

half the cost it would take them to get their trash hauled 

away,” he says. “We then process and sell the materials 

we take away.”

The ingenuity of Tabb’s composting operation lies 

in having found ways to make money several times off 

of these “waste” materials. For example, he chips scrap 

wood that he’s been paid to haul from home construction 

sites and sells that material as bedding to horse operators. 

He rents containers to the horse owners to store used 

bedding, which he hauls back to his farm, composts, and 

sifts to create a high-grade compost product that he either 

sells or uses on his farm. He estimates that he composts 

at least 26,000 cubic yards of horse manure annually.

The	fish	wastes	that	Tabb	receives	from	a	federal	

fish	hatching	facility	are	composted	with	sawdust	and	

horse manure. “This quickly creates a nice compost that 

contains	15–16	pounds	N	per	ton,	almost	double	the	N	

content of our basic compost product,” he says.

Tabb also rents out containers to contractors clear-

ing land of trees and stumps. “When we get logs, we save 

them	aside—they’re	better	for	[reselling	as]	firewood,”	

Tabb’s composting efforts, combined  

with annual soil tests and rotations, have done  

more than improve his soil and crop yields;  

in fact, composting has become one of the 

 farm’s most important sources of income.
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he says. After the soil and rocks are removed from the 

scraps and split stumps, the wood is mulched and sold 

to nurseries. The stump dirt, which he describes as 

being	“about	85%	dirt	and	15%	compost”	is	sifted	and	

screened, creating a topsoil product that he markets 

back to the contractors for landscaping purposes. “None 

of the topsoil we sell comes from our own farm,” he says. 

“It is all from recycled materials that we have brought in.”

While “crop response and the reduction of manure 

volume” are what initially got Tabb excited about 

composting, today he is particularly motivated by the 

major role that composting plays in ensuring his farm’s 

economic sustainability. “It pays us to have a good 

[compost] supply on the farm,” he says. “There are the 

longer-term	benefits	of	increased	organic	matter	and	

plant health, while with fertilizer prices [rising even 

higher]	in	2008,	[our]	compost	is	worth	more	than	it	

ever has been.”

The water-retention and slow-nutrient-release quali-

ties of his compost have boosted Tabb’s yields in good 

growing years and buffered his operation during hard 

ones.	One	year,	he	recorded	an	80-bushel	corn	yield	

advantage on an acre amended with his compost com-

pared to an acre where no compost had been applied.

Tabb	spreads	between	10	and	12	tons	of	compost	per	

acre	to	his	crop	fields,	depending	on	soil	test	results,	just	

once	every	three	years.	His	compost—which	supplies	9,	

12,	and	15	pounds	of	nitrogen,	phosphorus,	and	potash	

per ton, respectively—provides, with the exception of 

nitrogen,	sufficient	nutrients	for	his	grain	and	hay	crops.	

The compost he spreads is never less than a year old. 

Over time, he has become more selective about where 

he	spreads,	focusing	on	fields	with	2–3%	organic	matter	

content	instead	of	those	that	have	attained	5–7%.

Tabb’s windrow piles of compost—“They’re bigger 

than	anything	you’ve	ever	seen,”	he	says—measure	100	

feet	long,	20–25	feet	wide,	and	15	feet	high.	The	piles	

are set up at eight different locations on his farm, which 

reduces the number of tractor trips, cost, and risk of soil 

compaction while spreading.

He relies on experience and observation instead 

of adhering to strict rules while making compost. 

“Everyone around the farm knows what to look for in 

turning the piles,” he says. Heat-loving fungi, stimulated 

into releasing spores once the pile heats up to tempera-

tures	above	140°F,	form	mushrooms	as	the	pile	cools	

down.	“We	wait	until	the	temperature	goes	under	130°F,	

and turn the pile when we see the fragile mushrooms,” 

he explains. He adds, “We never turn a pile that is going 

upwards	in	heat,”	so	that	piles	will	reach	sufficient	

temperatures to kill pathogens and weed seeds. Turning, 

which Tabb does with a front-end loader, pays for itself 

by reducing the volume of the pile. Turning also stimu-

lates more rapid and thorough decomposition of materi-

als in the pile, inducing temperatures hot enough to kill 

weed seeds and diseases. Based on his experience, Tabb 

recommends maintaining a large ratio of old to fresh 

materials within compost piles. This ensures that the 

moisture released from fresh materials will be absorbed 

by drier, older materials, thus preventing leachate for-

mation and speeding the piles’ overall inoculation and 

decomposition rates.

Tabb is pleased by the long-term results of apply-

ing compost at his farm, where the soil has taken on 

a spongier feel and has become more abundant in 

earthworms. He also sees little to no runoff from his 

compost-treated	fields.	“Our	land	makes	up	a	total	small	

watershed,	and	our	springs	feed	a	federal	fish	hatchery.	

If there were any negative runoff in the water, it’d be 

ours, and we’d hear about it from the people down-

stream,” he observes.

Impressed by his results, several of Tabb’s neighbors 

have begun to make and spread their own “black gold” 

in recent years. “Almost any farmer would understand 

what I do,” Tabb says. “I hadn’t realized that I was a 

practicing environmentalist, but almost every farmer is. 

These days, you can’t afford not to be.”

—uPdated by aMy kreMen
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Chapter 14

reduCing erosion and runoFF 

So long! It’s been good to know you.

This dusty old dust is a gettin’ my home.

And I’ve got to be drifting along.

—Woody guthrie, 1940

The dust storms that hit the Great Plains of the U.S. 

during	the	1930s	were	responsible	for	one	of	the	great	

migrations in our history. As Woody Guthrie pointed 

out in his songs, soil erosion was so bad that people saw 

little alternative to abandoning their farms. They moved 

to other parts of the country in search of work. Although 

changed climatic conditions and agricultural practices 

improved the situation for a time, there was another 

period of accelerated wind and water erosion during the 

1970s	and	1980s.	Also,	in	many	other	countries	land	

degradation has forced families off the farm to urban 

areas or caused them to seek out new lands by develop-

ing natural areas like rainforests.

Erosion by wind and water has occurred since the 

beginning of time. Although we should expect some soil 

loss to occur on almost all soils, agriculture can greatly 

aggravate the problem. Erosion is the major hazard 

or limitation to the use of about half of all cropland 

in the United States. On much of that land, erosion is 

occurring fast enough to reduce future productivity. As 

we discussed earlier, erosion is also an organic-matter 

issue because it removes the richest soil layer, the top-

soil.	The	soil	removed	from	fields	also	has	huge	negative	

effects off the farm, as sediment accumulates in streams, 

rivers, reservoirs, and estuaries, or blowing dust reaches 

towns and cities. In fact, sediment remains the number 

one contaminant for most waters around the world, and 

it often also carries other contaminants like nutrients, 

pesticides, and other chemicals.

Climate	and	soil	type	are	important	factors	affect-

ing erosion. Intense or prolonged rainstorms are major 

causes of water erosion and landslides, while drought 

and strong winds are critical factors in wind erosion. 

Soil	type	is	important	because	it	influences	the	suscep-

tibility to erosion as well as the amount that can occur 

without loss of productivity. In chapter 6 we discussed 

how some soils (especially silts) with poor aggregation 

are more susceptible than other soils, especially those 
Photo courtesy Harold van Es
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with	good	aggregation.	This	is	reflected	in	the	soil	erod-

ibility ratings, which soil conservationists use to plan 

control practices.

A small amount of erosion is acceptable, as long as 

new topsoil can be created as rapidly as soil is lost. The 

maximum amount of soil that can be lost to erosion 

each year, while maintaining reasonable productivity, is 

called the soil loss tolerance, or T value. For a deep soil 

with a rooting depth of greater than 5 feet, the T value 

is 5 tons per acre each year. Although this sounds like a 

large amount of soil loss, keep in mind that the weight 

of an acre of soil to 6 inches of depth is about 2 million 

pounds,	or	1,000	tons.	So	5	tons	is	equivalent	to	about	

.03	inch	(less	than	1	mm).	If	soil	loss	continued	at	that	

rate,	at	the	end	of	33	years	about	1	inch	would	be	lost.	

On deep soils with good management of organic matter, 

the rate of topsoil creation can balance this loss. The 

soil loss tolerance amount is reduced for soils with less 

rooting	depth.	When	it	is	less	than	10	inches,	the	toler-

able rate of soil loss is the same as losing 0.006 inch per 

year	and	is	equivalent	to	1	inch	of	loss	in	167	years.	Of	

course,	on	agricultural	fields	the	soil	loss	is	not	evenly	

distributed	over	the	field,	and	areas	of	water	conflu-

ence	experience	greater	losses	(figure	14.1).	Also,	many	

conservationists would argue that any amount of erosion 

is unacceptable, as the off-site damage to water and air 

quality may still be considerable.

When soil loss is greater than the tolerance value, 

productivity suffers in the long run. Yearly losses of 

10	or	15	tons	or	more	per	acre	occur	in	many	fields.	

In extreme cases, as with croplands on steep slopes in 

tropical	climates,	losses	of	five	or	ten	times	that	much	

Figure 14.1. A waterway scoured into a gulley on a midwestern cornfield 
after erosive spring rains. Photo by Andrew Phillips.

Figure 14.2. Erosion on steep lands in Central America. Removal of the 
fine topsoil left mostly boulders behind. Sorghum plants show drought 
stress due to lack of rain and low water storage capacity in soil.

erosIon: A short-terM MeMorY ProbLeM?
It’s difficult to fully appreciate erosion’s damage potential, because the most severe erosion occurs during rare weather  

events and climate anomalies. Wind erosion during the Dust Bowl days of the 1930s, which resulted from a decade of  

extremely dry years, was especially damaging. And about one-third of the water erosion damage that occurs in a particular 

field during a thirty-year period commonly results from a single extreme rainfall event. Like stock market crashes and earth-

quakes, catastrophic erosion events are rare, but the impacts are great. We must do our best to understand the risks, prevent 

complacency, and adequately protect our soils from extreme weather events.
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may occur. For example, originally fertile soils on steep 

slopes in southern Honduras are now severely eroded 

(figure	14.2)	after	years	of	slash-and-burn	agriculture.

Management practices are available to help reduce 

runoff and soil losses. For example, an Ohio experiment 

in which runoff from conventionally tilled and no-till 

continuous-corn	fields	was	monitored	showed	that	over	

a four-year period, runoff averaged about 7 inches of 

water each year for conventional tillage and less than 

0.1	inch	for	the	no-till	planting	system.	Researchers	in	

the state of Washington found that erosion on winter 

wheat	fields	was	about	4	tons	each	year	when	a	sod	crop	

was	included	in	the	rotation,	compared	to	about	15	tons	

when sod was not included.

ADDRESSINg RUNOFF AND EROSION
Effective runoff and erosion control is possible with-

out compromising crop productivity. However, it may 

require considerable investment or new management. 

The numerous methods of controlling soil and water 

can be grouped into two general approaches: structural 

measures	and	agronomic	practices.	Creating	structures	

for reducing erosion generally involves engineer-

ing practices, in which an initial investment is made 

to build terraces, diversion ditches, drop structures, 

etc. Agronomic practices that reduce erosion focus on 

changes in soil and crop management, such as reduced 

tillage and cover cropping, and planting vegetation in 

critical areas. Appropriate conservation methods may 

vary	among	fields	and	farms,	but	recently	there	has	been	

a clear trend away from structural measures in favor 

of agronomic practices. The primary reasons for this 

change are as follows:

•		 Management	measures	help	control	erosion,	while	

also improving soil health and crop productivity.

•		 Significant	advances	have	been	made	in	farm	ma-

chinery and methodologies for alternative soil and 

crop management.

•		 Structures	generally	focus	on	containing	runoff	and	

sediment once erosion has been initiated, whereas ag-

ronomic measures try to prevent erosion from occur-

ring	in	the	first	place	by	decreasing	runoff	potential.

•		 Structures	are	often	expensive	to	build	and	maintain.

•		 Most	structures	do	not	reduce	tillage	erosion.

The use of soil-building conservation management 

practices is preferred for long-term sustainability of crop 

production,	and	they	are	also	the	first	choice	for	control-

ling runoff and erosion. Structural measures still have 

a place, but that is primarily to complement agronomic 

measures. Erosion reduction works by either decreasing 

the shear forces of water and wind or keeping soil in a 

condition in which it can’t easily erode. Many conser-

vation practices actually reduce erosion by using both 

approaches. In general, the following are good principles:

•		 Keep	the	soil	covered;	water	and	wind	erosion	occur	

almost exclusively when the soil is exposed.

•		 Use	management	practices	that	increase	aggregation	

and	infiltration.

•		 Do	not	loosen	the	soil	unless	it	is	well	covered.	Loose	

soil is more erodible than stable soil, like in no-till 

systems. Loosening may initially reduce runoff 

potential but this effect is generally short-lived, as 

the soil will settle. If loosening is required to reduce 

compaction, do it with tools that limit disturbance 

(e.g., zone builders or strip tillers). Soil disturbance 

is also the single cause of tillage erosion.

•		 Take	a	landscape-scale	approach	for	additional	

control. Focus on areas with high risk, those where 

runoff water concentrates, and maximize the use of 

inexpensive biological approaches like grass seeding 

in	waterways	and	filter	strips.

•		 Focus	on	critical	periods.	For	example,	in	temper-

ate areas the soil is most susceptible after the winter 

fallow, and in semiarid regions it is most fragile after 

the dry period when heavy rains begin and there is 

little surface cover. In some regions, heavy rainfall is 

associated with hurricane or monsoon seasons.
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Reduced Tillage
Transition to tillage systems that increase surface cover 

and reduce disturbance is probably the single most 

effective and economical approach to reducing ero-

sion. Restricted and no-till regimes succeed in many 

cropping systems by providing better economic returns 

than conventional tillage, while also providing excellent 

runoff and erosion control. Maintaining residues on the 

soil	surface	(figure	14.3)	and	eliminating	the	problem	

of soil loosening by tillage greatly reduce dispersion of 

surface aggregates by raindrops and runoff waters. The 

effects of wind on surface soil are also greatly reduced by 

leaving crop stubble on untilled soil and anchoring the 

soil	with	roots.	These	measures	facilitate	infiltration	of	

precipitation where it falls, thereby reducing runoff and 

increasing plant water availability.

In cases where tillage is necessary, reducing its 

intensity and leaving some residue on the surface mini-

mizes the loss of soil organic matter and aggregation. 

Leaving a rougher soil surface by eliminating second-

ary tillage passes and packers that crush natural soil 

aggregates	may	significantly	reduce	runoff	and	erosion	

losses by preventing surface sealing after intense rain 

(see	figure	6.9,	p.	63).	Reducing	or	eliminating	till-

age also diminishes tillage erosion and keeps soil from 

being moved downhill. The gradual losses of soil from 

upslope areas expose subsoil and may in many cases 

further aggravate runoff and erosion. We discuss tillage 

practices	further	in	chapter	16.

Significance of Plant Residues and Competing Uses
Reduced-tillage and no-tillage practices result in less 

soil	disturbance	and	leave	significant	quantities	of	crop	

residue on the surface. Surface residues are important 

because they intercept raindrops and can slow down 

water running over the surface. The amount of residue 

on	the	surface	may	be	less	than	5%	for	the	moldboard	

plow,	while	continuous	no-till	planting	may	leave	90%	

or more of the surface covered by crop residues. Other 

reduced-tillage systems, such as chiseling and disking 

(as a primary tillage operation), typically leave more 

than	30%	of	the	surface	covered	by	crop	residues.	

Research	has	shown	that	100%	soil	cover	virtually	elimi-

nates runoff and erosion on most agricultural lands. 

Even	30%	soil	cover	reduces	erosion	by	70%.

As	discussed	in	chapter	9,	there	are	many	competing	

uses for crop residues as fuel sources, as well as building 

materials. Unfortunately, permanent removal of large 

quantities of crop residues will have a detrimental effect 

on soil health and the soil’s ability to withstand water 

and wind erosion.

Cover Crops
Cover	crops	result	in	decreased	erosion	and	increased	

water	infiltration	in	a	number	of	ways.	They	add	organic	

residues to the soil and help maintain soil aggregation 

and	levels	of	organic	matter.	Cover	crops	frequently	

can be grown during seasons when the soil is especially 

susceptible to erosion, such as the winter and early 

spring in temperate climates, or early dry seasons in 

semiarid climates. Their roots help to bind soil and hold 

it in place. Because raindrops lose most of their energy 

when they hit leaves and drip to the ground, less soil 

crusting	occurs.	Cover	crops	are	especially	effective	in	

reducing erosion if they are cut and mulched, rather 

Figure 14.3. Soybeans grown under no-till with corn residue. 
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than incorporated. Ideally, this is done when the cover 

crop has nearly matured (typically, milk stage)—that 

is,	when	it	is	somewhat	lignified	but	seeds	are	not	yet	

viable	and	C:N	ratios	are	not	so	high	as	to	cause	nutrient	

immobilization. In recent years, new methods of cover 

cropping, mulching, and no-tillage crop production, 

often jointly referred to as conservation agriculture, 

have been worked out by innovative farmers in several 

regions	of	the	world	(figure	14.4;	see	also	the	farmer	case	

study at the end of this chapter). In parts of temperate 

South America this practice has revolutionized farming 

with rapid and widespread adoption in recent years. It 

has been shown to virtually eliminate runoff and erosion 

and	also	appears	to	have	great	benefits	for	moisture	con-

servation, nitrogen cycling, weed control, reduced fuel 

consumption, and time savings, which altogether can 

result	in	significant	increases	in	farm	profitability.	See	

chapter	10	for	more	information	on	cover	crops.	

Perennial Rotation Crops
Grass and legume forage crops can help lessen ero-

sion because they maintain a cover on most of the soil 

surface for the whole year. Their extensive root systems 

hold soil in place. When they are rotated with annual 

row crops, the increased soil quality will reduce erosion 

and runoff potential during that part of the crop cycle. 

Benefits	are	greatest	when	such	rotations	are	combined	

with reduced- and no-tillage practices for the annual 

crops. Perennial crops like alfalfa and grass are often 

rotated with row crops, and that rotation can be readily 

combined	with	the	practice	of	strip	cropping	(figure	

14.5).	In	such	a	system,	strips	of	perennial	sod	crops	and	

row crops are laid out across the slope, and erosion from 

the	row	crop	is	filtered	out	when	the	water	reaches	the	

sod strip. This conservation system is quite effective in 

fields	with	moderate	erosion	potential	and	on	operations	

that use both row and sod crops (for example, dairy 

farms).	Each	crop	may	be	grown	for	two	to	five	years	on	

a strip, which is then rotated into the other crop.

Permanent sod, often as pasture, is a good choice 

for steep soils or other soils that erode easily, although 

slumping and landslides may be a concern under 

extreme conditions.

Adding Organic Materials
Maintaining good soil organic matter levels helps keep 

topsoil in place. A soil with more organic matter usually 

has better soil aggregation and less surface crusting. 

These conditions ensure that more water is able to 

infiltrate	the	soil	instead	of	running	off	the	field,	taking	

soil with it. When you build up organic matter, you 

help control erosion by making it easier for rainfall to 

Figure 14.4. Field and close-up views of soybean grown in black oat cover crop mulch in South America. Photos by Rolf Derpsch. 
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enter the soil. Reduced tillage and the use of cover crops 

already help build organic matter levels, but regularly 

providing additional organic materials like compost and 

manure results in larger and more stable soil aggregates 

and stimulates earthworm activity.

The adoption rate for no-till practices is lower for 

livestock-based	farms	than	for	grain	and	fiber	farms.	

Manures may need to be incorporated into the soil for 

best use of nitrogen, protection from runoff, and odor 

control. Also, the severe compaction resulting from the 

use of heavy manure spreaders on very moist soils may 

need to be relieved by tillage. Direct injection of liquid 

organic materials in a zone-till or no-till system is a 

recent approach that allows for reduced soil disturbance 

and minimal concerns about manure runoff and odor 

problems	(figure	14.6).

Other Practices and Structures for Soil Conservation
Soil-building	management	practices	are	the	first	

approach to runoff and erosion control, but structural 

measures may still be appropriate. For example, diver-

sion ditches are channels or swales that are constructed 

Figure 14.5. Corn and alfalfa grown in rotation through alternating strips. Figure 14.6. Equipment for manure injection with minimal soil disturbance. 

Figure 14.7. Hillside ditch in Central America channeling runoff water to 
a waterway on the side of the slope (not visible). A narrow filter strip is 
located on the upslope edge to remove sediment. 

Figure 14.8. Grassed waterway in a midwestern cornfield safely channels 
and filters runoff water. Photo courtesy of USDA-NRCS.
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across slopes to divert water across the slope to a 

waterway	or	pond	(figure	14.7).	Their	primary	purpose	is	

to channel water from upslope areas away and prevent 

the downslope accumulation of runoff water that would 

then generate increased scouring and gullies.

Grassed waterways	are	field	water	channels	that	

reduce scouring in areas where runoff water accumu-

lates; they also help prevent surface water pollution 

by	filtering	sediments	out	of	runoff	(figure	14.8).	They	

require only small areas to be taken out of production 

and are used extensively in the midwestern U.S. grain 

belt region, where long gentle slopes are common.

Terracing soil in hilly regions is an expensive and 

labor-intensive practice, but it is also one that results in a 

more gradual slope and reduced erosion. Well-constructed 

and maintained structures can last a long time. Most ter-

races	have	been	built	with	significant	cost-sharing	from	

government soil conservation programs prior to the wide-

spread adoption of no-tillage and cover cropping systems.

Tilling and planting along the contour is a simple 

practice that helps control erosion. When you work 

along the contour, instead of up- and downslope, wheel 

tracks and depressions caused by the plow, harrow, or 

planter will retain runoff water in small puddles and 

allow	it	to	slowly	infiltrate.	This	approach	is	not	very	

effective when dealing with steep erodible lands, how-

ever, and also does not reduce tillage erosion.

There are a number of other practices that do little 

to reduce runoff and erosion or build soil health but can 

decrease channel erosion and sediment losses. Filter 

strips remove sediment and nutrients before runoff 

water	enters	ditches	and	streams	(figure	14.9).	Sediment 

control basins have been constructed in many agricul-

tural regions to allow sediment to settle before stream 

water is further discharged; they are often used in areas 

where conventional soil management systems still gen-

erate	a	lot	of	erosion	(figure	14.10).

Wind erosion is reduced by most of the same 

practices that control water erosion by keeping the soil 

covered and increasing aggregation: reduced tillage or 

Figure 14.9. Edge-of-field filter strips control sediment losses to streams. 
Photo courtesy of USDA-NRCS. 

Figure 14.10. Top: A sediment control basin in a Central European 
landscape where conventional tillage is widely used. Bottom: Sediment 
regularly fills the basin and needs to be dredged.
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no-till, cover cropping, and perennial rotation crops. 

In addition, practices that increase roughness of the 

soil surface diminish the effects of wind erosion. The 

rougher surface increases turbulent air movement near 

the land surface and reduces the wind’s shear and ability 

to	sweep	soil	material	into	the	air.	Therefore,	if	fields	

are tilled and cover crops are not used, it makes sense 

to leave soil subject to wind erosion in a rough-tilled 

state when crops aren’t growing. Also, tree shelterbelts 

planted at regular distances perpendicular to the main 

wind direction act as windbreaks and help reduce  

evaporative	demand	from	dry	winds	(figure	14.11).	

They have recently received new attention as ecological 

corridors in agricultural landscapes that help increase 

landscape biodiversity.

Finally, a few words about landslides. They are 

difficult	to	control,	and	unstable	steep	slopes	are	best	

left in forest cover. A compromise solution is the use 

of wide-spaced trees that allow for some soil stabiliza-

tion by roots but leave enough sunlight for a pasture or 

crops	(figure	14.12).	In	some	cases,	horizontal	drains	are	

installed in critical zones to allow dewatering and pre-

vent supersaturation during prolonged rains, but these 

are generally expensive to install.
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Figure 14.11. Field shelterbelt reduces wind erosion and evaporative 
demand and increases landscape biodiversity.

Figure 14.12. An experiment with wide-spaced poplar trees planted in a 
New Zealand pasture to reduce landslide risk.  
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Chapter 15

Preventing and lessening CoMPaCtion

A lasting injury is done by ploughing land too wet.

—s.l. dana, 1842

We’ve	already	discussed	the	benefits	of	cover	crops,	

rotations, reduced tillage, and organic matter additions 

for improving soil structure. However, these practices 

still	may	not	prevent	compacted	soils	unless	specific	

steps are taken to reduce the impact of heavy loads 

from	field	equipment	and	inappropriately	timed	field	

operations. The causes of compaction were discussed 

in chapter 6, and in this chapter we’ll discuss strategies 

to	prevent	and	lessen	soil	compaction.	The	first	step	is	

to decide whether compaction is a problem and which 

type is affecting your soils. The symptoms, as well as 

remedies and preventive measures, are summarized in 

table	15.1,	p.	162.

cRUSTINg AND SURFAcE SEAlINg
Crusting	and	surface	sealing	may	be	seen	at	the	soil	

surface after heavy rains in the early growing season, 

especially with clean-tilled soil, and in the fall and 

spring	after	a	summer	crop	(figure	15.1).	Keep	in	mind	

that crusting and surface sealing may not happen every 

year, especially if heavy rains do not occur before the 

plant canopy forms to protect the soil from direct rain-

drop	impact.	Certain	soil	types,	such	as	sandy	loams	and	

silt loams, are particularly susceptible to crusting. Their 

aggregates usually aren’t very stable, and, once broken 

down,	the	small	particles	fill	in	the	pore	space	between	

the larger particles, making very dense crusts.

Figure 15.1. Rainfall energy destroys weak soil aggregates and creates 
a surface seal that increases runoff potential. Photo is of soil in the 
wheat-growing Palouse region of Washington State. When it dries, the 
seal turns into a hard crust that prevents seedling emergence. 
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The impact of surface crusting is most damaging 

when heavy rains occur between planting and seedling 

emergence. The hard surface crust may delay seedling 

emergence and growth until the crust mellows with the 

next rains. If such follow-up showers do not occur, the 

crop	may	be	set	back	considerably.	Crusting	and	sealing	

of	the	soil	surface	also	reduce	water	infiltration	capacity.	

This	reduction	in	infiltration	increases	runoff	and	ero-

sion and lessens the amount of available water for crops. 

Reducing Surface Crusting
Crusting	is	a	symptom	of	the	breakdown	of	soil	structure	

that develops especially with intensively and clean-tilled 

soils. As a short-term solution, farmers sometimes use 

tools such as rotary hoes to break up the crust. The best 

long-term approach is to reduce tillage intensity, use 

tillage and cover cropping systems that leave residue or 

mulch on the surface, and improve aggregate stabil-

ity with organic matter additions. Even residue covers 

as	low	as	30%	will	greatly	reduce	crusting	and	provide	

important pathways for water entry. A good heavy-duty 

Table 15.1
Types of Compaction and Their Remedies

Compaction Type Indications Remedies/Prevention

Surface crusting

Breakdown of surface aggregates  
and sealing of surface 

Poor seedling emergence 
Accelerated runoff and erosion

Reduce tillage intensity.
Leave residues on surface.

Add organic matter.
Grow cover crops.

Plow layer

Deep wheel tracks
Prolonged saturation or standing water

Poor root growth
Hard to dig and resistant to penetrometer

Cloddy after tillage

Plow with moldboard or chisel plow,  
but reduce secondary tillage.

Do primary tillage before winter  
(if no erosion danger exists).

Use zone builders.
Increase organic matter additions.
Use cover crops or rotation crops  
that can break up compact soils.

Use better load distribution.
Use controlled traffic.

Don’t travel on soils that are wet.
Improve soil drainage.

Subsoil
Roots can’t penetrate subsoil

Resistant to penetrometer at greater depths

Don’t travel on soils that are wet.
Improve soil drainage.

Till deeply with a subsoiler or zone builder.
Use cover crops or rotation crops  
that penetrate compact subsoils.

Use better load distribution.
Use controlled traffic.

Don’t use wheels in open furrows.
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conservation planter—with rugged coulter blades for 

in-row soil loosening, tine wheels to remove surface 

residue from the row, and accurate seed placement—can 

be a highly effective implement because it can suc-

cessfully establish crops without intensive tillage (see 

chapter	16).	Reducing	tillage	and	maintaining	significant	

amounts of surface residues not only prevent crusting, 

but also rebuild the soil by increasing organic matter 

and aggregation. Soils with very low aggregate stability—

especially	those	high	in	sodium—may	sometimes	benefit	

from surface applications of gypsum (calcium sulfate). 

The added calcium and the effect of the greater salt 

concentration in the soil water as the gypsum dissolves 

promotes aggregation.

PlOW lAYER AND SUbSOIl cOMPAcTION
Deep wheel tracks, extended periods of saturation, or 

even standing water following a rain or irrigation may 

indicate	plow	layer	compaction.	Compacted	plow	layers	

also	tend	to	be	extremely	cloddy	when	tilled	(figure	

15.2).	A	field	penetrometer,	which	we	will	discuss	in	

greater detail in chapter 22, is an excellent tool to assess 

soil compaction. A simple shovel can be used to visually 

evaluate soil structure and rooting, and digging can 

provide good insights on the quality of the soil. This is 

best done when the crop is in an early stage of develop-

ment but after the rooting system has had a chance to 

get	established.	If	you	find	a	dense	rooting	system	with	

many	fine	roots	that	protrude	well	into	the	subsoil,	you	

probably do not have a compaction problem. Well-

structured soil shows good aggregation, is easy to dig, 

and will fall apart into granules when you throw a 

shovelful	of	soil	on	the	ground.	Compare	the	difference	

between soil and roots in wheel tracks and nearby areas 

to observe compaction effects on soil structure and plant 

growth behavior.

Roots in a compacted plow layer are usually stubby 

and	have	few	root	hairs	(figure	15.3).	The	roots	often	fol-

low	crooked	paths	as	they	try	to	find	zones	of	weakness	

in the soil. Rooting density below the plow layer is a good 

indicator for subsoil compaction. Roots are almost com-

pletely absent from the subsoil below severe plow pans 

and	often	move	horizontally	above	the	pan	(see	figure	6.6,	

p.	61).	Keep	in	mind,	however,	that	shallow-rooted	crops,	

such as spinach and some grasses, may not necessarily 

experience problems from subsoil compaction.

Compaction	may	also	be	recognized	by	observing	

crop growth. A poorly structured plow layer will settle 

into a dense mass after heavy rains, leaving few large 

pores for air exchange. If soil wetness persists, anaero-

bic conditions may occur, causing reduced growth and 

denitrification	(exhibited	by	leaf	yellowing),	especially	
Figure 15.2. Large soil clods after tillage are indicative of compaction and 
poor aggregation. 

Figure 15.3. Corn roots 
from a compacted 
plow layer are thick, 
show crooked growth 
patterns, and lack fine 
laterals and root hairs. 
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in areas that are imperfectly drained. In addition, these 

soils may “hard set” if heavy rains are followed by a dry-

ing	period.	Crops	in	their	early	growth	stages	are	very	

susceptible to these problems (because roots are still 

shallow), and the plants commonly go through a notice-

able period of stunted growth on compacted soils.

Reduced growth caused by compaction affects 

the	crop’s	ability	to	fight	or	compete	with	pathogens,	

insects, and weeds. These pest problems may become 

more apparent, therefore, simply because the crop is 

weakened. For example, during wet periods dense soils 

that are poorly aerated are more susceptible to infesta-

tions of fungal root diseases such as Fusarium, Pythium, 

Rhizoctonia, Thieviopsis and plant-parasitic nematodes 

such as northern root-knot. These problems can be iden-

tified	by	observing	washed	roots.	Healthy	roots	are	light	

colored, while diseased roots are black or show lesions. 

In many cases, soil compaction is combined with poor 

sanitary practices and lack of rotations, creating a 

dependency on heavy chemical inputs. 

Preventing or Lessening Plow Layer Compaction
Preventing or reducing soil compaction generally requires 

a comprehensive, long-term approach to addressing 

soil health issues and rarely gives immediate results. 

Compaction	on	any	particular	field	may	have	multiple	

causes, and the solutions are often dependent on the soil 

type, climate, and cropping system. Let’s go over some 

general principles of how to solve these problems.

Proper use of tillage. Tillage can either cause 

or lessen problems with soil compaction. Repeated 

intensive tillage reduces soil aggregation and compacts 

the soil over the long term, causes erosion and loss of 

topsoil, and may bring about the formation of plow 

pans. On the other hand, tillage can relieve compaction 

by loosening the soil and creating pathways for air and 

water movement and root growth. This relief, however, 

as effective as it may be, is temporary and may need to 

be repeated in the following growing seasons if poor soil 

management	and	traffic	patterns	are	continued.

Farmers frequently use more intense tillage to offset 

the problems of cloddiness associated with compaction 

of the plow layer. The solution to these problems is not 

necessarily	to	stop	tillage	altogether.	Compacted	soils	

frequently become “addicted” to tillage, and going “cold 

turkey” by converting to no-till management may result 

in failure. Practices that perform some soil loosening 

with minor disturbance at the soil surface may help in 

the transition from a tilled to an untilled management 

system.	Aerators	(figure	15.4)	provide	some	shallow	

compaction relief in dense surface layers but do minimal 

tillage damage and are especially useful when aeration 

is of concern. They are also used to incorporate manure 

with	minimal	tillage	damage.	Strip	tillage	(6	to	8	inches	

deep) employs narrow shanks that disturb the soil only 

where	future	plant	rows	will	be	located	(figure	15.4).	It	is	

croPs thAt Are hArd on soILs
Some crops are particularly hard on soils: 

•  Root and tuber crops like potatoes require intensive 

tillage and return low rates of residue to the soil.

•  Silage corn and soybeans return low rates of residue.

•  Many vegetable crops require a timely harvest, so 

field traffic occurs even when the soils are too wet.

Special care is needed to counter the negative effects 

of such crops. Counter measures may include selecting 

soil-improving crops to fill out the rotation, extensive 

use of cover crops, using controlled traffic, and adding 

extra organic materials such as manures and com-

posts. In an eleven-year experiment in Vermont with 

continuous corn silage on a clay soil, we found that 

applications of dairy manure were critical to maintain-

ing good soil structure. Applications of 0, 10, 20, and 30 

tons (wet weight) of dairy manure per acre each year 

of the experiment resulted in pore spaces of 44, 45, 47, 

and 50% of the soil volume, respectively.
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especially effective for promoting root proliferation.

Another approach may be to combine organic matter 

additions (compost, manure, etc.) with reduced tillage 

intensity (for example, chisel plows with straight points, 

or	chisel	plows	specifically	designed	for	high-residue	con-

ditions) and a planter that ensures good seed placement 

with minimal secondary tillage. Such a soil management 

system builds organic matter over the long term.

Deep tillage (subsoiling) is a method to alleviate 

compaction	below	the	6-	to	8-inch	depths	of	normal	

tillage	and	is	often	done	with	heavy-duty	rippers	(figure	

15.5)	and	large	tractors.	Subsoiling	is	often	erroneously	

seen as a cure for all types of soil compaction, but it 

does relatively little to address plow layer compaction. 

Subsoiling is a rather costly and energy-consuming 

practice	that	is	difficult	to	justify	for	use	on	a	regular	

basis. Practices such as zone building also loosen the 

soil below the plow layer, but zone builders have narrow 

shanks that disturb the soil less and leave crop residues 

on	the	surface	(figure	15.5).

Deep	tillage	may	be	beneficial	on	soils	that	have	

developed a plow pan. Simply shattering this pan allows 

for deeper root exploration. To be effective, deep tillage 

needs to be performed when the entire depth of tillage 

is	sufficiently	dry	and	in	the	friable	state.	The	practice	

tends to be more effective on coarse-textured soils 

(sands, gravels), as crops on those soils respond bet-

ter	to	deeper	rooting.	In	fine-textured	soils,	the	entire	

subsoil often has high strength values, so the effects of 

deep	tillage	are	less	beneficial.	In	some	cases	it	may	even	

Figure 15.4. Tools that provide compaction relief with minimal soil disturbance: aerator (left) and strip tiller (right). Right photo by Bob Schindelbeck. 

Lessening and preventing soil compaction are important to improving soil health. The specific approaches should meet the 

following criteria:

• They should be selected based on where the compaction problem occurs (subsoil, plow layer, or surface).

• They must fit the soil and cropping system and their physical and economic realities.

• They should be influenced by other management choices, such as tillage system and use of organic matter amendments.
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be harmful for those soils, especially if the deep tillage 

was performed when the subsoil was wet and caused 

smearing, which may generate drainage problems. After 

performing deep tillage, it is important to prevent future 

re-compaction of the soil by keeping heavy loads off 

the	field	and	not	tilling	the	soil	when	inappropriate	soil	

moisture conditions exist.

Better attention to working and traveling 

on the soil.	Compaction	of	the	plow	layer	or	subsoil	

is	often	the	result	of	working	or	traveling	on	a	field	

when	the	soil	is	too	wet	(figure	15.6).	Avoiding	this	may	

require	equipment	modifications	and	different	timing	

of	field	operations.	The	first	step	is	to	evaluate	all	traf-

fic	and	practices	that	occur	on	a	field	during	the	year	

and determine which operations are likely to be most 

damaging. The main criteria should be:

•		 the	soil	moisture	conditions	when	the	traffic	occurs;	

and

•		 the	relative	compaction	effects	of	various	types	of	

field	traffic	(mainly	defined	by	equipment	weight	

and load distribution).

For example, with a late-planted crop, soil moisture 

conditions during tillage and planting may be generally 

dry, and minimal compaction damage occurs. Likewise, 

mid-season cultivations usually do little damage, 

because conditions are usually dry and the equipment 

tends to be light. However, if the crop is harvested 

under wet conditions, heavy harvesting equipment and 

uncontrolled	traffic	by	trucks	that	transport	the	crop	off	

the	field	will	do	considerable	compaction	damage.	In	

Figure 15.5. Left: Subsoiler shank provides deep compaction relief (wings at the tip provide lateral shattering). Right: Zone building provides compaction 
relief and better rooting with minimal surface disturbance. Right photo by George Abawi. 

Figure 15.6. Compaction and smearing from wet (plastic) soil conditions: wheel traffic (left), plowing (middle), and zone building leaving open and 
smeared slot (right).
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this scenario, emphasis should be placed on improving 

the harvesting operations. In another scenario, a high-

plasticity clay loam soil is often spring-plowed when still 

too wet. Much of the compaction damage may occur at 

that time, and alternative approaches to tillage and tim-

ing should be a priority.

Better load distribution. Improving the 

design	of	field	equipment	may	help	reduce	compac-

tion problems by better distributing vehicle loads. The 

best example of distributing loads is through the use of 

tracks	(figure	15.7),	which	greatly	reduce	the	potential	

for subsoil compaction. But beware! Tracked vehicles 

may	provide	a	temptation	to	traffic	the	land	when	the	

soil	is	still	too	wet.	Tracked	vehicles	have	better	flota-

tion and traction, but they can still cause compaction 

damage, especially through smearing under the tracks. 

Plow layer compaction may also be reduced by lowering 

the	inflation	pressure	of	tires.	A	rule	of	thumb:	Cutting	

tire	inflation	pressure	in	half	doubles	the	size	of	the	tire	

footprint to carry an equivalent equipment load and cuts 

the contact pressure on the soil in half.

The use of multiple axles reduces the load carried 

by the tires. Even though the soil receives more tire 

passes by having a larger number of tires, the result-

ing	compaction	is	significantly	reduced.	Using	large,	

wide	tires	with	low	inflation	pressures	also	helps	reduce	

potential soil compaction by distributing the equip-

ment load over a larger soil surface area. Use of dual 

wheels similarly reduces compaction by increasing the 

footprint, although this load distribution is less effective 

for reducing subsoil compaction, because the pressure 

cones	from	neighboring	tires	(see	figure	6.10,	p.	64)	

merge at shallow depths. Dual wheels are very effective 

at increasing traction but, again, pose a danger because 

of	the	temptation	(and	ability)	to	do	fieldwork	under	

relatively wet conditions. Duals are not recommended 

on tractors for performing seeding and planting opera-

tions because of the larger footprint (see also discussion 

on	controlled	traffic	below).

Improved soil drainage. Fields that do not drain 

in a timely manner often have more severe compaction 

problems.	Wet	conditions	persist	in	these	fields,	and	

traffic	or	tillage	operations	often	have	to	be	performed	

when the soil is too wet. Improving drainage may go 

a long way toward preventing and reducing compac-

tion problems on poorly drained soils. Subsurface (tile) 

drainage	improves	timeliness	of	field	operations,	helps	

dry the subsoil, and, thereby, reduces compaction in 

deeper layers. On heavy clay soils where the need for 

close drain spacing is very expensive, surface shap-

ing and mole drains are effective methods. Drainage is 

discussed	in	more	detail	in	chapter	17.

Clay	soils	often	pose	an	additional	challenge	with	

respect to drainage and compaction, because they 

remain in the plastic state for extended periods after 

drying from wet conditions. Once the upper inch of the 

Figure 15.7. Reduction of soil compaction by increased distribution of equipment loads.  Left: Tracks on a tractor. Middle: Dual wheels on a tractor that 
also increase traction. Right: Multiple axles and flotation tires on a liquid manure spreader
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soil surface dries out, it becomes a barrier that greatly 

reduces further evaporation losses. This is often referred 

to as self-mulching. This barrier keeps the soil below in 

a plastic state, preventing it from being worked or traf-

ficked	without	causing	excessive	smearing	and	compac-

tion damage. For this reason, farmers often fall-till clay 

soils. A better approach,  however, might be to use cover 

crops to dry the soil in the spring. When a crop like win-

ter rye grows rapidly in the spring, the roots effectively 

pump water from layers below the soil surface and allow 

the soil to transition from the plastic to the friable state 

(figure	15.8).	Because	these	soils	have	high	moisture-

holding capacity, there is normally little concern about 

cover crops depleting water for the following crop.

Cover and rotation crops. Cover	and	rotation	

crops	can	significantly	reduce	soil	compaction.	The	

choice	of	crop	should	be	defined	by	the	climate,	cropping	

system, nutrient needs, and the type of soil compaction. 

Perennial crops commonly have active root growth early 

in the growing season and can reach into the compacted 

layers when they are still wet and relatively soft. Grasses 

generally	have	shallow,	dense,	fibrous	root	systems	that	

have	a	very	beneficial	effect,	alleviating	compaction	in	

the surface layer, but these shallow-rooting crops don’t 

help	ameliorate	subsoil	compaction.	Crops	with	deep	

taproots, such as alfalfa, have fewer roots at the surface, 

but the taproots can penetrate into a compacted subsoil. 

As	described	and	shown	in	chapter	10,	forage	radish	

roots can penetrate deeply and form vertical “drill” 

holes	in	the	soil	(see	figure	10.4,	p.	108).	In	many	cases,	

a combination of cover crops with shallow and deep 

rooting	systems	is	preferred	(figure	15.9).	Ideally,	such	

crops are part of the rotational cropping system, which 

is typically used on ruminant livestock farms.

The	relative	benefits	of	incorporating	or	mulching	

a	cover	or	rotation	crop	are	site	specific.	Incorporation	

soil dries at
greater depths

because of
water uptake by

roots

prevents
moisture

losses from
deeper layers

depth of tillage 

low evaporation

high transpiration rates

dry surface layer

Figure 15.8. Cover crops enhance the drying of a clay soil. Without cover crops (left), evaporation losses are low after the surface dries. With cover  
crops (right), water is removed from deeper in the soil, because of root uptake and transpiration from plant leaves, resulting in better tillage and  
traffic conditions. 
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through	tillage	loosens	the	soil,	which	may	be	beneficial	

if	the	soil	has	been	heavily	trafficked.	This	would	be	the	

case with a sod crop that was actively managed for for-

age	production,	sometimes	with	traffic	under	relatively	

wet conditions. Incorporation through tillage also 

encourages	rapid	nitrogen	mineralization.	Compared	

to plowing down a sod crop, cutting and mulching in a 

no-till or zone-till system reduces nutrient availability 

and does not loosen the soil. But a heavy protective mat 

at the soil surface provides some weed control and bet-

ter	water	infiltration	and	retention.	Some	farmers	have	

been successful with cut-and-mulch systems involving 

aggressive, tall cover or rotation crops, such as rye and 

sudan grass.

Addition of organic materials. Regular addi-

tions of animal manure, compost, or sewage sludge 

benefit	the	surface	soil	layer	to	which	these	materials	

are applied by providing a source of organic matter and 

glues	for	aggregation.	The	long-term	benefits	of	applying	

these materials relative to soil compaction may be very 

favorable, but in many cases the application procedure 

itself is a major cause of compaction. Livestock-based 

farms in humid regions usually apply manure using 

heavy spreaders (often with poor load distribution) on 

wet or marginally dry soils, resulting in severe compac-

tion of both the surface layer and the subsoil. In general, 

the addition of organic materials should be done with 

care	to	obtain	the	biological	and	chemical	benefits,	while	

not aggravating compaction problems.

Controlled traffic and permanent beds. One 

of the most promising practices for reducing soil com-

paction	is	the	use	of	controlled	traffic	lanes	in	which	all	

field	operations	are	limited	to	the	same	lanes,	thereby	

preventing compaction in all other areas. The primary 

benefit	of	controlled	traffic	is	the	lack	of	compaction	

for	most	of	the	field	at	the	expense	of	limited	areas	

that receive all the compaction. Because the degree of 

soil compaction doesn’t necessarily worsen with each 

equipment pass (most of the compaction occurs with the 

heaviest loading and does not greatly increase beyond 

it),	damage	in	the	traffic	lanes	is	not	much	more	severe	

than	that	occurring	on	the	whole	field	in	a	system	with	

uncontrolled	traffic.	Controlled	traffic	lanes	may	actually	

have an advantage in that the consolidated soil is able to 

bear	greater	loads,	thereby	better	facilitating	field	traffic.	

Compaction	also	can	be	reduced	significantly	by	maxi-

mizing	traffic	of	farm	trucks	along	the	field	boundaries	

and using planned access roads, rather than allowing 

them	to	randomly	travel	over	the	field.

Controlled	traffic	systems	require	adjustment	of	field	

equipment to ensure that all wheels travel in the same 

lanes; they also require some discipline from equip-

ment operators. For example, planter and combine 

widths need to be compatible (although not necessarily 

the same), and wheel spacing may need to be expanded 

(figure	15.10).	A	controlled	traffic	system	is	most	easily	

adopted with row crops in zone, ridge, or no-till systems 

(not	requiring	full-field	tillage;	see	chapter	16),	because	
Figure 15.9. A combination of deep alfalfa roots and shallow, dense grass 
roots helps address compaction at different depths. 
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crop	rows	and	traffic	lanes	remain	recognizable	year	

after year. Ridge tillage, in fact, dictates controlled traf-

fic,	as	wheels	should	not	cross	the	ridges.	Zone-	and	 

no-till	do	not	necessarily	require	controlled	traffic,	but	

they	greatly	benefit	from	it,	because	the	soil	is	not	regu-

larly loosened by aggressive tillage.

Adoption	of	controlled	traffic	has	been	rapidly	

expanded	in	recent	years	with	the	availability	of	RTK	

(real-time kinematic) satellite navigation systems. 

With these advanced global positioning systems, a 

single reference station on the farm provides the real-

time	corrections	to	less	than	1	inch	level	of	accuracy,	

which	facilitates	precision	steering	of	field	equipment.	

Controlled	traffic	lanes	can	therefore	be	laid	out	with	

unprecedented accuracy, and water (for example, drip 

irrigation) and nutrients can be applied at precise dis-

tances	from	the	crop	(figure	15.11).

A permanent (raised) bed system is a variation on 

controlling	traffic	in	which	soil	shaping	is	addition-

ally applied to improve the physical conditions in the 

beds	(figure	15.11,	right).	Beds	do	not	receive	traffic	

after they’ve been formed. This bed system is especially 

attractive	where	traffic	on	wet	soil	is	difficult	to	avoid	

(for example, with certain fresh-market vegetable crops) 

and where it is useful to install equipment, such as irri-

gation lines, for multiple years.

SUMMARY
Compaction	frequently	goes	unrecognized	by	farmers,	

but it can result in decreased yields. There are a number 

of ways to avoid the development of compacted soil, 

the most important of which is keeping equipment off 

wet soil (when it’s in a plastic state). Draining wet soils, 

Figure 15.10. A tractor with wide wheel spacing to fit a controlled traffic 
system. 

Figure 15.11. Controlled traffic farming with precision satellite navigation. Left: Twelve-row corn-soybean strips with traffic lanes between the fourth and 
fifth row from the strip edge (Iowa; note that both current- and previous-year harvested crop rows are still visible). Right: Zucchini on mulched raised 
beds with drip irrigation (Queensland, Australia). 
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using	controlled	traffic	lanes,	and	using	permanent	beds	

(that are never driven on) are ways to avoid compaction. 

Also, reduced tillage and larger organic matter additions 

make the surface less susceptible to the breakdown of 

aggregates and to crust formation—as does maintain-

ing a surface mulch and routine use of cover crops. 

Reducing compaction once it occurs involves using cover 

crops that are able to break into subsurface compact 

layers and using equipment such as subsoilers and zone 

builders to break up compact subsoil.
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Chapter 16

reduCing tillage

. . . the crying need is for a soil surface similar to that which we find in nature . . .  

[and] the way to attain it is to use an implement that is incapable of burying the trash it encounters;  

in other words, any implement except the plow.

—e.h. Faulkner, 1943

Although tillage is an ancient practice, the ques-

tion of which tillage system is most appropriate for any 

particular	field	or	farm	is	still	difficult	to	answer.	Before	

we discuss different tillage systems, let’s consider why 

people	started	tilling	ground.	Tillage	was	first	practiced	

by farmers who grew small-grain crops, such as wheat, 

rye, and barley, primarily in western Asia (the Fertile 

Crescent),	Europe,	and	northern	Africa.	Tillage	was	

primarily	practiced	because	it	created	a	fine	seedbed,	

thereby greatly improving germination. It also gave 

the	crop	a	head-start	before	a	new	flush	of	weeds,	and	

stimulated mineralization of organic nitrogen to forms 

that plants could use. The soil was presumably loosened 

by a simple ard (scratch plow) in several directions to 

create	fine	aggregates	and	a	smooth	seedbed.	The	loos-

ened soil also tended to provide a more favorable root-

ing environment, facilitating seedling survival and plant 

growth. Animal traction was employed to accomplish 

this arduous task. At the end of the growing season, the 

entire crop was harvested, because the straw also had 

considerable	economic	value	for	animal	bedding,	roofing	

thatch,	brick	making,	and	fuel.	Sometimes,	fields	were	

burned after crop harvest to remove remaining crop 

residues and to control pests. Although this cropping 

system lasted for centuries, it resulted in excessive ero-

sion, especially in the Mediterranean region, where it 

caused extensive soil degradation. Eventually deserts 

spread as the climate became drier.

Ancient agricultural systems in the Americas did not 

use	intensive	full-field	tillage	for	grain	production,	as	

they did not have oxen or horses to perform the arduous 

tillage work. Instead, the early Americans used mostly 

direct seeding with planting sticks, or manual hoes that 

created small mounds (hilling). These practices were well 

adapted to the staple crops of corn and beans, which have 

large seeds and require lower plant densities than the 

cereal crops of the Old World. Several seeds were placed 

in each small hill, which was spaced several feet apart 
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from the next one. In temperate or wet regions the hills 

were elevated to provide a temperature and moisture 

advantage to the crop. In contrast with the cereal-based 

systems (wheat, rye, barley, rice) of growing only one 

crop	in	a	monoculture,	these	fields	often	included	the	

intercropping of two or three plant species growing at the 

same time, like the corn, bean, and squash of the Three 

Sisters system in North America. This hilling system was 

Jethro tuLL And tILLAGe: A MIxed LeGAcY And An IMPortAnt Lesson
Jethro Tull (1674–1741) was an early English agricultural experimentalist whose book The New Horse 
Hoeing Husbandry: An Essay on the Principles of Tillage and Vegetation was published in 1731. It was 
the first textbook on the subject and set the standard for soil and crop management for the next 
century (it is now available online as part of core historical digital archives; see “Sources” at the end 
of the chapter). In a way, Tull’s publication was a predecessor to this book, as it discussed manure, 
rotations, roots, weed control, legumes, tillage, ridges, and seeding.

Tull noticed that traditional broadcast sowing methods for cereal crops provided low germination rates and made weed con-
trol difficult. He designed a drill with a rotating grooved cylinder (now referred to as a coulter) that directed seeds to a furrow 
and subsequently covered them to provide good seed-soil contact. Such row seeding also allowed for mechanical cultivation 
of weeds, hence the title of the book. This was a historically significant invention, as seed drills and planters are now key com-
ponents of conservation agriculture and building soils. But the concept of growing crops in rows is attributed to the Chinese, 
who used it as early as the 6th century B.C.E.

Tull believed that intensive tillage was needed not only for good seed-soil contact but also for plant nutrition, which he be-
lieved was provided by small soil particles. He grew wheat for thirteen consecutive years without adding manure; he basically 
accomplished this by mining the soil of nutrients that were released from repeated soil pulverization. He therefore promoted 
intensive tillage, which we now know has long-term negative consequences. Perhaps this was an important lesson for farmers 
and agronomists: Practices that may appear beneficial in the short term may turn out detrimental over long time periods.

generally	less	prone	to	erosion	than	whole-field	tillage,	

but climate and soil conditions on steep slopes still  

frequently caused considerable soil degradation.

A third ancient tillage system was practiced as part 

of the rice-growing cultures in southern and eastern 

Asia. There, paddies are tilled to control weeds and 

puddle the soil to create a dense layer that limits down-

ward losses of water through the soil. The puddling 

process occurs when the soil is worked while wet—in the 

plastic or liquid consistency state; see chapter 6—and 

is	specifically	aimed	at	destroying	soil	aggregates.	This	

system	was	designed	to	benefit	rice	plants,	which	thrive	

under	flooded	conditions,	especially	relative	to	compet-

ing weeds. There is little soil erosion, because paddy 

rice	must	be	grown	either	on	flat	or	terraced	lands,	and	

runoff is controlled as part of the process of growing the 

crop. Recent research efforts have focused on less pud-

dling and ponding to conserve soil health and water.

chAPter 16 reduCing tillage
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Full-field	tillage	systems	became	more	widespread	

because they are better adapted to mechanized agri-

culture, and in time some of the traditional hill crops 

like corn became row crops. The moldboard plow 

was	invented	by	the	Chinese	2,500	years	ago	but	was	

redesigned into a more effective tool in England in the 

1700s.	It	provided	weed	control	by	fully	turning	under	

crop residues, growing weeds, and weed seeds. Its ben-

efits	were	compelling	at	first;	it	allowed	for	a	more	stable	

food supply and also facilitated the breaking of new 

lands in the Americas. The development of increasingly 

powerful tractors made tillage an easier task (some say a 

recreational activity) and resulted in more intensive soil 

disturbance, ultimately contributing to the degradation 

of soils.

New technologies have lessened the need for tillage. 

The development of herbicides reduced the need for soil 

plowing as a weed control method. New planters achieve 

better seed placement, even without preparing a seed-

bed beforehand. Amendments, such as fertilizers and 

liquid manures, can be directly injected or band-applied. 

Now there are even vegetable transplanters that provide 

good soil-root contact in no-till systems. Although her-

bicides often are used to kill cover crops before plant-

ing the main crop, farmers and researchers have found 

that they can obtain good cover crop control through 

well-timed	mowing	or	rolling	(figures	16.1,	16.7)—greatly	

reducing the amount of herbicide needed. If there is suf-

ficient	cover	crop	biomass,	the	mat	acts	as	an	effective	

barrier to weeds and provides nearly complete control.

Increased mechanization, intensive tillage, and 

erosion have degraded many agricultural soils to such 

an extent that people think tillage is required to pro-

vide temporary relief from compaction. As aggregates 

are destroyed, crusting and compaction create a soil 

“addicted” to tillage. Except perhaps for organic produc-

tion systems, in which tillage is often needed because 

herbicides aren’t used, a crop produced with limited or 

no tillage can generate better economic returns than one 

produced with conventional tillage systems. Managing 

soil in the right way to make reduced tillage systems suc-

cessful, however, remains a challenge.

Figure 16.1. Rolled-rye cover crop being prepared for row-crop planting. 
Photo by Anu Rangarajan. 
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This figure shows that:
• surface residue reduces erosion,
• reduced tillage (chisel and no-till) leaves more
 residue and results in less erosion than plowing, and
• corn (circled) returns more residue than soybeans.
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Figure 16.2. Soil erosion dramatically decreases with increasing surface 
cover.  Note: FP = fall plow, FC = fall chisel, NT = no-till; circles = corn, no 
circles = soybeans. Modified from Manuring (1979).
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TIllAgE SYSTEMS
Tillage	systems	are	often	classified	by	the	amount	of	sur-

face	residue	left	on	the	soil	surface.	Conservation	tillage	

systems	leave	more	than	30%	of	the	soil	surface	covered	

with crop residue. This amount of surface residue cover 

is	considered	to	be	at	a	level	where	erosion	is	significantly	

reduced	(see	figure	16.2).	Of	course,	this	residue	cover	

partially depends on the amount and quality of residue 

left after harvest, which may vary greatly among crops 

and harvest method (corn harvested for grain or silage is 

one	example).	Although	residue	cover	greatly	influences	

erosion potential, it also is affected by factors such as 

surface roughness and soil loosening. 

Another distinction of tillage systems is whether they 

are	full-field	systems	or	restricted	systems.	The	benefits	

and limitations of various tillage systems are compared 

in	table	16.1.

Conventional Tillage
A	full-field	system	manages	the	soil	uniformly	across	the	

entire	field	surface.	Such	conventional	tillage	systems	

typically involve a primary pass with a heavy tillage tool 

Table 16.1
Tillage System Benefits and Limitations

Tillage System Benefits Limitations
Full-Field Tillage

Moldboard plow

Allows easy incorporation of  
fertilizers and amendments.
Buries surface weed seeds.
Allows soil to dry out fast.

Temporarily reduces compaction.

Leaves soil bare.
Destroys natural aggregation and  

enhances organic matter loss.
Commonly leads to surface  

crusting and accelerated erosion.
Causes plow pans.

Requires high energy use.

Chisel plow Same as above, but leaves some surface 
residues. 

Same as above, but less aggressively  
destroys soil structure; leads to  

less erosion, less crusting, no  
plow pans; requires less energy use.

Disk harrow Same as above. Same as above.

Restricted Tillage

No-till

Leaves little soil disturbance.
Requires few trips over field.

Requires low energy use.
Provides the most surface residue  

cover and erosion protection.

Makes it more difficult to incorporate 
fertilizers and amendments.

Makes wet soils dry and  
warm up slowly in spring. 

Can’t alleviate compaction.

Zone-till Same as above. Same as above, but compaction is alleviated.

Ridge-till

Allows easy incorporation of  
fertilizers and amendments.
Provides some weed control  

as ridges are built.
Allows seed zone on ridge to  
dry and warm more quickly.

Is hard to use with sod-type or  
narrow-row crop in rotation.
Requires wheel spacing to be  

adjusted to travel between ridges.
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to loosen the soil and incorporate materials at the sur-

face (fertilizers, amendments, weeds, etc.), followed by 

one or more secondary passes to create a suitable seed-

bed. Primary tillage tools are generally moldboard plows 

(see	figure	16.3,	left),	chisels	(figure	16.3,	right),	and	

heavy	disks	(figure	16.4,	left),	while	secondary	tillage	is	

accomplished	with	finishing	disks	(figure	16.4,	right),	tine	

or tooth harrows, rollers, packers, drags, etc. These tillage 

systems	create	a	uniform	and	often	finely	aggregated	

seedbed	over	the	entire	surface	of	the	field.	Such	systems	

appear to perform well because they create near ideal 

conditions for seed germination and crop establishment.

But moldboard plowing is also energy intensive, 

leaves very little residue on the surface, and often requires 

multiple secondary tillage passes. It tends to create dense 

pans	below	the	depth	of	plowing	(typically	6	to	8	inches	

deep). However, moldboard plowing has traditionally 

been a reliable practice and almost always results in 

reasonable	crop	growth.	Chisel	implements	generally	pro-

vide results similar to those of the moldboard plow but 

require	less	energy	and	leave	significantly	more	residue	

on	the	surface.	Chisels	also	allow	for	more	flexibility	in	

the	depth	of	tillage,	generally	from	5	to	12	inches,	with	

some	tools	specifically	designed	to	go	deeper.

Disk plows come in a heavy version, as a primary 

tillage	tool	that	usually	goes	6	to	8	inches	deep,	or	a	

lighter one that performs shallower tillage and leaves 

residue on the surface. Disks also create concerns with 

developing tillage pans at their bottoms. They are some-

times used as both primary and secondary tillage tools 

through repeated passes that increasingly pulverize the 

soil. This limits the upfront investment in tillage tools 

but is not sustainable in the long run.

Although	full-field	tillage	systems	have	their	disad-

vantages, they can help overcome certain problems, such 

as compaction and high weed pressures. Organic farmers 

often use moldboard plowing as a necessity to provide 

adequate weed control and facilitate nitrogen release 

from incorporated legumes. Livestock-based farms often 

use a plow to incorporate manure and to help make rota-

tion transitions from sod crops to row crops.

Besides	incorporating	surface	residue,	full-field	tillage	

systems with intensive secondary tillage crush the natural 

soil aggregates. The pulverized soil does not take heavy 

rainfall well. The lack of surface residue causes sealing 

at the surface, which generates runoff and erosion and 

creates hard crusts after drying. Intensively tilled soil 

will also settle after moderate to heavy rainfall and may 

“hardset” upon drying, thereby restricting root growth.

Full-field	tillage	systems	can	be	improved	by	using	

tools,	such	as	chisels	(figure	16.3,	right),	that	leave	some	

residue on the surface. Reducing secondary tillage also 

Figure 16.3. Left: Moldboard plowing inverts a sod and leaves no surface protection. Right: Chisel plow shanks till soil and leave some residue cover. 
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helps	decrease	negative	aspects	of	full-field	tillage.	

Compacted	soils	tend	to	till	up	cloddy,	and	intensive	

harrowing and packing are then seen as necessary to 

create a good seedbed. This additional tillage creates a 

vicious cycle of further soil degradation and intensive 

tillage. Secondary tillage often can be reduced through 

the use of modern conservation planters, which cre-

ate	a	finely	aggregated	zone	around	the	seed	without	

requiring the entire soil width to be pulverized. A good 

planter is perhaps the most important secondary tillage 

tool, because it helps overcome poor soil-seed contact 

without destroying surface aggregates over the entire 

field.	A	fringe	benefit	of	reduced	secondary	tillage	is	that	

rougher	soil	often	has	much	higher	water	infiltration	

rates and reduces problems with settling and hardset-

ting after rains. Weed seed germination is also generally 

reduced, but pre-emergence herbicides tend to be less 

effective than with smooth seedbeds. Reducing second-

ary tillage may, therefore, require greater emphasis on 

post-emergence weed control.

In more intensive horticultural systems, powered 

tillage tools, which are actively rotated by the trac-

tor	power	takeoff	system,	are	often	used	(figure	16.5).	

Rotary tillers (rotovators, rototillers) do intensive soil 

mixing that is damaging to soil in the long term. They 

should be considered only if the soil also regularly 

Figure 16.4. Left: A heavy disk (disk plow) can be used for primary and secondary tillage (photo by Mark Brooks). Right: A finishing disk.

Figure 16.5. Powered tillage tools used with horticultural crops: rotary tiller (left), and spader (right).
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receives organic materials like cover crop residue, 

compost, or manure. A spader is also an actively rotated 

tillage tool, but the small spades, similar to the garden 

tools, handle soil more gently and leave more residue or 

organic additions at the surface.  

Restricted Tillage Systems
These systems are based on the idea that tillage can be 

limited to the area around the plant and does not have 

to	disturb	the	entire	field.	Several	tillage	systems—no-

till,	zone-	or	strip-till,	and	ridge-till—fit	this	concept.

No-till system. The no-till system loosens the soil 

only in a very narrow and shallow area immediately 

around the seed zone. This localized disturbance is 

typically accomplished with a conservation planter (for 

row	crops)	or	seed	drill	(for	narrow-seeded	crops;	figure	

16.6).	This	system	represents	the	most	extreme	change	

from conventional tillage and is most effective in pre-

venting soil erosion and building organic matter.

No-till systems have been used successfully on many 

soils in different climates. The surface residue protects 

against	erosion	(figure	14.3,	p.	156)	and	increases	biolog-

ical activity by protecting the soil from temperature and 

heat extremes. Surface residues also reduce water evap-

oration, which—combined with deeper rooting—reduces 

the susceptibility to drought. This tillage system is espe-

cially well adapted to coarse-textured soils (sands and 

gravels) and well-drained soils, as these tend to be softer 

and less susceptible to compaction. No-till systems 

sometimes have initial lower yields than conventional 

Figure 16.6. Left: A no-till seed drill requires no tillage or seedbed preparation for narrow-seeded crops or cover crops. Right: The cross-slot opener used 
in no-tillage planters. The disk slices soil, the inverted T blade allows seed and fertilizer placement on opposite ends of disk, and the packer wheels 
(right side) close and firm the seedbed.

before convertInG to no-tILL

An Ohio farmer asked one of the authors of this book what could be done about a compacted, low-organic-matter, and 

low-fertility field that had been converted to no-till a few years before.  Clearly, the soil’s organic matter and nutrient levels 

should have been increased and the compaction alleviated before the change. Once you’re committed to no-till, you’ve lost 

the opportunity to easily and rapidly change the soil’s fertility or physical properties. The recommendation is the same as for 

someone establishing a perennial crop like an orchard or vineyard. Build up the soil and remedy compaction problems before 

converting to no-till. It’s going to be much harder to do later on. 
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tillage systems. One of the reasons for this is the lower 

availability	of	N	in	the	early	years	of	no-till.	Knowing	

this allows you to compensate by adding increased N 

(legumes, manures, fertilizers) during the transition 

years. It takes a few years for no-tilled soils to improve, 

after which they typically out-yield conventionally tilled 

soils. The transition can be challenging because a radical 

move from conventional to no tillage can create failures 

if the soil was previously degraded and compacted. It 

is	best	to	first	build	degraded	soils	with	organic	matter	

management and use intermediate tillage methods, as 

described in the next sections.

With the absence of tillage, seed placement, compac-

tion prevention, and weed control become more critical. 

No-till	planters	and	drills	(figure	16.6)	are	advanced	

pieces of engineering that need to be rugged and adapt-

able to different soil conditions yet be able to place a 

seed	precisely	at	a	specified	depth.	The	technology	has	

come	a	long	way	since	Jethro	Tull’s	early	seeders,	espe-

cially in the past decades when no-till seeders have been 

Table 16.2 
The Effect of 32 Years of Plow and No Tillage under  
Corn Production on Selected Soil Health Indicators 

Soil Health Indicator Plow-Tillage No-Tillage

Physical

Aggregate stability (%) 22 50

*Bulk density (g/cm3) 1.39 1.32

*Penetration resistance (psi) 140 156

Permeability (mm/hr) 2.1 2.4

Plant-available water capacity (%) 29.1 35.7

Infiltration capacity (mm/hr) 1.58 1.63

Chemical 

Early-season nitrate-N (lbs/ac) 13 20

Phosphorus (lbs/ac) 20 21

Potassium (lbs/ac) 88 95

Magnesium (lbs/ac) 310 414

Calcium (lbs/ac) 7,172 7,152

*pH 8.0 7.8

Biological

Organic matter (%) 4.0 5.4

Cellulose decomposition rate (%/week) 3.0 8.9

Potentially mineralizable nitrogen 
(μg/g/week) 1.5 1.7

Easily extractable glomalin (mg/g soil) 1.2 1.7

Total glomalin (mg/g soil) 4.3 6.6

Note: Higher values indicate better health, except for those listed with 
an asterisk, for which lower values are better. 
Source:  Moebius et al. (2008).

Organic No Till?
Researchers at the Rodale Institute in Pennsylvania have developed 
innovative cover crop management equipment that facilitates 
growing row crops in a no-till system. An annual or winter 
annual cover crop is rolled down with a specially designed, front-
mounted, heavy roller-crimper, resulting in a weed-suppressing 
mat through which it is possible to plant or drill seeds (figure 16.7) 
or set transplants. For this system to work best sufficient time 
must be allowed for the cover crop to grow large before rolling-
crimping, so that the mulch can do a good job of suppressing 
weeds. Cover crops must have gone through the early stages of 
reproduction in order for the roller-crimper to kill them, but not 
be fully matured to avoid viable seeds that could become weeds 
in the following crop. Since timing of any farm operation is critical, 
careful attention to the details of these biologically based systems 
is needed for them to be successful.

Figure 16.7. Roller-crimper creates a weed-suppressing cover-crop 
mat through which it is possible to plant seeds or transplants. Here 
cotton is being planted behind rye that has been traveled over by 
the roller-crimper. Photo by Jeff Mitchell.
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continually improved.

The quality of no-tilled soil improves over time, as 

seen	in	table	16.2,	which	compares	physical,	chemical,	

and biological soil health indicators after thirty-two 

years of plow and no tillage in a New York experiment. 

The	beneficial	effects	of	no	tillage	are	quite	consistent	

for physical indicators, especially with aggregate stabil-

ity. Biological indicators are similarly more favorable 

for	no	tillage,	and	organic	matter	content	is	35%	higher	

than with plow tillage. The effects are less apparent 

for chemical properties, except the pH is slightly more 

favorable for no-till, and the early-season nitrate con-

centration	is	50%	higher.	Other	experiments	have	also	

demonstrated that long-term reduced tillage increases 

nitrogen availability from organic matter, which may 

result	in	significant	fertilizer	savings.

Zone, strip, and ridge tillage. Zone-, strip-, and 

ridge-tillage systems are adapted to wide-row crops with 

30-inch spacing or more. Their approach is to disturb 

the soil in a narrow strip along the plant row and leave 

most of the soil surface undisturbed. Zone tillage involves 

the	use	of	a	zone	builder	(figure	16.8,	left),	which	creates	

a	loosened	band	that	extends	into	the	subsoil	(12	to	16	

inches). This “vertical tillage” approach promotes deeper 

root growth and water movement. This is followed by a 

row	crop	planter	with	multiple	fluted	coulters	mounted	

on	the	front	(figure	16.9).	The	planter	creates	a	fine	seed-

bed approximately 6 inches wide by 4 inches deep and 

uses trash wheels to move residue away from the row. 

Zone tillage provides soil quality improvements similar 

to those of no tillage, but it is more energy intensive. It is 

generally preferred over strict no-tillage systems on soils 

that	have	compaction	problems	(for	example,	fields	that	

receive liquid manure or where crops are harvested when 

the soil is susceptible to compaction) and in humid and 

cold climates, where removal of residue from the row is 

desirable for soil drying and warm-up.

Figure 16.8. Left: A zone-tillage tool with hilling disks and rolling basket to create a zone of loosened soil. Right: Strip tillage also results in a narrow tilled 
zone that leaves most of the soil surface undisturbed. Photos by Robert Schindelbeck. 

Figure 16.9. Zone-till planter: (a) coulters (cut up residues and break up 
soil in seed zone); (b) fertilizer disk openers (place granular starter fertil-
izer in a band next to the seed); (c) spider (trash) wheels (move residue 
away from the row); (d) seed placement unit; (e) press wheels (create firm 
seedbed); and (f) wheel used for transporting the planter.
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Strip	tillage	(figure	16.8,	right)	uses	a	similar	

approach, but the tillage shanks are shallower (typically 

to	8	inches),	thereby	reducing	energy	consumption.	

In temperate climates, zone building and strip tillage 

are often performed in the fall before spring row crop 

planting to allow for soil settling. Some farmers inject 

fertilizers with the tillage operations, thereby reducing 

the	number	of	passes	on	the	field.

The	zone	planter	(figure	16.9)	can	also	be	used	as	a	

single-pass system when deeper disturbance is not needed.

Ridge	tillage	(figure	16.10)	combines	limited	tillage	

with	a	ridging	operation	and	requires	controlled	traffic.	

This system is particularly attractive for cold and wet 

soils, because the ridges offer seedlings a warmer and 

better-drained environment. The ridging operation can 

be combined with mechanical weed control and allows 

for band application of herbicides. Ridge tillage often 

decreases the cost of chemical weed control, allowing 

for about a two-thirds reduction in herbicide use. In 

vegetable systems, raised beds—basically wide ridges that 

also provide better drainage and warmer temperatures—

are often used.

WHIcH TIllAgE SYSTEM FOR YOUR FARM?
The correct choice of tillage system depends on climate, 

soils, cropping systems, and the farm’s production 

objectives. Some general guidelines are provided in the 

following paragraphs.

Conventional	grain	and	vegetable	farms	have	great	

flexibility	for	adopting	reduced	tillage	systems,	because	

they are less constrained by repeated manure applica-

tions (needed on livestock farms) or mechanical weed or 

rotation crop management (needed on organic farms). 

In the long run, limited disturbance and residue cover 

improve soil health, reduce erosion, and boost yields. A 

negative aspect of these systems is the transition period, 

as discussed above, and changes in weed spectrum from 

annual to perennial plants. This may require differ-

ent	timing	and	methods	of	weed	control.	Combining	

reduced tillage with the use of cover crops frequently 

helps reduce weed problems. Weed pressures typi-

cally	decrease	significantly	after	a	few	years,	especially	

if perennials are under control. Mulched cover crops, 

as well as newly designed mechanical cultivators, help 

provide effective weed control in high-residue systems. 

Some innovative farmers use no-till combined with a 

Figure 16.10. Ridge tillage involves row planting on ridges (left), which are rebuilt with a weed cultivation/ridging operation during the growing season 
(right).
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heavy cover crop, which is mowed or rolled to create a 

thick	cover	mulch	(figure	16.7).

Farmers need to be aware of potential soil compac-

tion problems with reduced tillage. If a strict no-till 

system is adopted on a compacted soil, especially on 

medium-	or	fine-textured	soils,	serious	yield	reductions	

may occur. As discussed in chapter 6, dense soils have a 

relatively narrow water range in which plant roots can 

grow well, compared to their ability to grow in uncom-

pacted soil. When a compact soil is completely dry, roots 

have	a	difficult	time	making	their	way	through	the	soil,	

and when a compact soil is wet, roots tend to have less 

air.	Crops	growing	on	compacted	soils	are	more	suscep-

tible to inadequate aeration during wet periods and to 

restricted root growth and drought stress during drier 

periods.	Compaction,	therefore,	reduces	plant	growth	

and makes crops more susceptible to pest pressures.

In poorly structured soils, tools like zone builders, 

strip tillers, and zone-till planters provide compaction 

relief in the row while maintaining an undisturbed 

soil surface. Over time, soil structure improves, unless 

recompaction	occurs	from	other	field	operations.	Crops	

grown	on	fields	that	do	not	drain	in	a	timely	manner	

tend	to	benefit	greatly	from	ridging	or	bedding,	because	

the sensitive seedling root zone remains aerobic during 

wet periods. These systems also use controlled traf-

fic	lanes,	which	greatly	reduce	compaction	problems,	

although matching wheel spacing and tire widths for 

planting and harvesting equipment is sometimes a chal-

lenging	task,	as	we	discussed	in	chapter	15.	

For organic farms, as with traditional farms before 

agrichemicals were available, reduced tillage is chal-

lenging,	and	full-field	tillage	may	be	necessary	for	

mechanical weed control and incorporation of manures 

and composts. After all, the two greatest challenges 

of organic crop production are weeds and nitrogen. 

Organic farming on lands prone to erosion may, there-

fore, involve trade-offs. Erosion can be reduced by using 

rotations with perennial crops, gentler tillage methods 

like spaders and ridgers, and modern planters that 

establish good crop stands without excessive second-

ary tillage. Soil structure may be easier to maintain on 

organic farms, because they use organic inputs heavily.

Livestock-based farms face special challenges related 

to applying manure or compost to the soil. Some type 

of incorporation usually is needed to avoid large losses 

of nitrogen by volatilization, and losses of phosphorus 

and pathogens in runoff. Transitions from sod to row 

crops are also usually easier with some tillage. Such 

farms can still use manure injection tools with zone and 

strip tillage, thereby providing compaction relief while 

minimizing soil disturbance. As with organic farms, 

livestock operations apply a lot of manure and compost 

and naturally have higher soil health.

chAPter 16 reduCing tillage

frost tILLAGe!
Readers from temperate regions may have heard of frost seeding legumes into a pasture, hayfield, or winter wheat crop in  

very early spring, but perhaps not of tilling a frozen soil. It seems a strange concept, but some farmers are using frost tillage 

as a way to be timely and reduce unintended tillage damage. It can be done after frost has first entered the soil, but before it 

has penetrated more than 4 inches. Water moves upward to the freezing front and the soil underneath dries. This frozen state 

makes the soil tillable as long as the frost layer is not too thick. Compaction is reduced because equipment is supported by the 

frozen layer. The resulting rough surface is favorable for water infiltration and runoff prevention. Some livestock farmers like 

frost tillage as a way to incorporate or inject manure in the winter without concerns for compaction from heavy equipment.
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Rotating Tillage Systems
A tillage program does not need to be rigid. Fields that 

are zone-, strip-, or no-tilled may occasionally need a 

full-field	tillage	pass	to	provide	compaction	relief	or	to	

incorporate amendments like lime. But this should be 

done	on	a	very	limited	basis.	Although	a	flexible	tillage	

program	offers	a	number	of	benefits,	aggressive	tillage	

with a moldboard plow and harrows can readily destroy 

the favorable soil structure built up by years of no-till 

management.

Timing of Field Operations
The success of a tillage system depends on many factors. 

For example, reduced tillage systems, especially in the 

early transition years, may require more attention to 

nitrogen management (often higher rates are needed 

initially, lower rates eventually), as well as weed, insect, 

and disease control. Also, the performance of tillage 

systems	may	be	affected	by	the	timing	of	field	opera-

tions. If tillage or planting is done when the soil is too 

wet (when its water content is above the plastic limit), 

cloddiness and poor seed placement may result in poor 

stands. Also, a zone building operation done in plastic 

soil results in smeared surfaces and an open slot that 

does not allow for good seed-soil contact. A “ball test” 

(chapter	6)	helps	ensure	that	field	conditions	are	right	

and is especially important when performing deeper till-

age. Tillage is also not recommended when the soil is too 

dry, because it may be too hard, clods may be very large, 

and excess dust may be created, especially on compacted 

soils. Ideal tillage conditions generally occur when soils 

are	at	field-capacity	water	content	(after	a	few	days	of	

free	drainage	and	evaporation),	except	for	fine-textured	

clays,	which	need	more	drying	(see	chapter	15).

Because soil compaction may affect the success of 

reduced tillage, a whole-system approach to soil manage-

ment is needed. For example, no-till systems that involve 

harvesting operations with heavy equipment will succeed 

only	if	traffic	can	be	restricted	to	dry	conditions	or	fixed	

lanes	within	the	field.	Even	zone-tillage	methods	will	work	

better	if	fixed	lanes	are	used	for	heavy	harvest	equipment.

SUMMARY
Reducing the intensity of tillage can help improve the 

soil in many ways. Maintaining more residue on the sur-

face reduces runoff and erosion, while the reduction in 

soil disturbance allows for earthworm holes and old root 

channels to rapidly conduct water from intense rain-

storms into the soil. There are many choices of reduced 

tillage systems, and equipment is available to help farm-

ers succeed. Using cover crops along with reduced tillage 

has been found to be a winning combination, providing 

surface cover rapidly and helping to control weeds.
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steve groFF
lanCaster County, Pennsylvania

a case study

Steve Groff raises vegetables, grains, and cover crop 

seeds	on	his	215-acre	farm	in	Lancaster	County,	

Pennsylvania, but his soil shows none of the degrada-

tion that can occur with intensive cropping. Mixing cash 

crops such as corn, alfalfa, soybeans, and tomatoes with 

cover crops in a unique no-till system, Groff has kept 

portions of his farm untouched by a plow for more than 

two decades.

“No-till is a practical answer to concerns about ero-

sion, soil quality, and soil health,” says Groff, who won a 

national	no-till	award	in	1999.	“I	want	to	leave	the	soil	in	

better condition than I found it.”

Groff confronted a rolling landscape pocked by gul-

lies when he began farming with his father after gradu-

ating from high school. They regularly used herbicides 

and insecticides, tilled annually or semiannually, and 

rarely used cover crops. Like other farmers in Lancaster 

County,	they	ignored	the	effects	of	tillage	on	a	sloped	

landscape,	which	causes	an	average	of	9	tons	of	soil	per	

acre	to	wash	into	the	Chesapeake	Bay	every	year.

Tired of watching 2-foot-deep crevices form on the 

hillsides after every heavy rain, Groff began experiment-

ing with no-till to protect and improve the soil. “We used 

to	have	to	fill	in	ditches	to	get	machinery	in	to	harvest,”	

Groff says. “I didn’t think that was right.”

Groff stresses, however, that switching to no-till alone 

isn’t enough. He has created a new system, reliant on 

cover crops, rotations, and no-till, to improve the soil. 

He’s convinced such methods contribute to better yields 

of healthy crops, especially during weather extremes.

He pioneered what he likes to call the “Permanent 

Cover”	cropping	system	when	the	Pennsylvania	chapter	

of	the	Soil	and	Water	Conservation	Society	bought	a	

no-till transplanter that could plant vegetable seedlings 

into slots cut into cover crop residue. Groff was one of 

the	first	farmers	to	try	it.	The	slots	are	just	big	enough	

for the young plants and do not disturb the soil on 

either side. The result: Groff can prolong the erosion-

slowing	benefits	of	cover	crops.	He	now	owns	two	no-till	

planters—one for planting tomatoes, the other for corn 

and pumpkins—customized with parts and implements 

from several different equipment companies.

Groff’s no-till system relies on a selection of cover 

crops and residues that blanket the soil virtually all year. 

“The amount of acreage I devote to different cover crops 

every year is really subjective,” he says, noting that he 

constantly	modifies	his	cropping	plans	based	on	field	

observations, weather conditions, timing considerations, 

and other factors. In the fall, he uses a no-till seeder to 

Groff stresses, however, that switching to  

no-till alone isn’t enough. He has created a new  

system, reliant on cover crops, rotations, and  

no-till, to improve the soil. He’s convinced such  

methods contribute to better yields of healthy 

 crops, especially during weather extremes.
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drill a combination of rye and hairy vetch (at seeding 

rates of 30 and 25 pounds per acre, respectively). He 

likes the pairing because their root structures grow in 

different patterns, and the vegetation left behind after 

killing leaves different residues on the soil surface.

Introduced to forage radish through University of 

Maryland cover crop research trials hosted at his farm, 

Groff was so impressed by what he saw that he decided 

to integrate it into his cover crop combinations. His typi-

cal rotations include planting forage radish and oats or 

forage radish and crimson clover mixtures before sweet 

corn,	and	a	forage	radish–rye–vetch	mixture	before	

pumpkins.

Several attributes make forage radish a practical 

choice for no-till farmers. For example, its taproots can 

alleviate compaction problems—so much so that Groff 

now prefers using radishes instead of his deep ripper to 

loosen	soil	in	his	driveways.	Complete	dieback	following	

hard frost, impressive weed suppression into spring, and 

relatively rapid nutrient cycling add to forage radish’s 

appeal.

Upon discovering a few years ago that forage radish 

cover crop seed was not available locally, Groff decided 

to grow his own and sell the surplus to other farmers. He 

has increased his seed production every year in response 

to the “substantial growing interest” of conventional 

farmers	in	cover	cropping.	He	now	fills	seed	orders	from	

farmers across the U.S.

In the spring, Groff uses a rolling stalk-chopper—

modified	from	Midwest	machines	that	chop	cornstalks	

after harvest—to kill overwintering covers. He typically 

sprays	glyphosate	at	low	levels	(1/2	pint,	or	$1	per	acre)	

before rolling to ensure a more complete kill. The chop-

per	flattens	and	crimps	the	cover	crop,	providing	a	thick	

mulch.	Once	it’s	flat,	he	makes	a	pass	with	the	no-till	

planter or transplanter. 

The	system	creates	a	very	real	side	benefit	in	

reduced insect pest pressure. Once an annual problem, 

Colorado	potato	beetle	damage	has	all	but	disappeared	

from Groff’s tomatoes. Since he began planting into the 

mulch, he has greatly reduced the spraying of pesticides. 

The thick mat also prevents splashing of soil during rain, 

a primary cause of early blight on tomatoes. “We have 

slashed our pesticide and fertilizer bill nearly in half, 

compared to a conventional tillage system,” Groff says. 

“At the same time, we’re building valuable topsoil and 

not	sacrificing	yields.”

“No-till is not a miracle, but it works for me,” he 

says. “It’s good for my bottom line, I’m saving soil, 

and	I’m	reducing	pesticides	and	increasing	profits.”	

He	emphasizes	that	benefits	from	no-till	management	

have developed gradually, along with his experience in 

handling	each	field.	Knowing	when	to	stay	off	wet	fields	

and choosing the right crop and cover crop rotations, 

he says, can help farmers new to no-till avoid poten-

tial compaction and fertility problems. “My soils have 

developed a stability that lets me get away with things 

that I couldn’t do earlier,” he says. “You earn the right to 

be out there as your soil gets more stable. Basically, the 

rules of the game change as the game is played.”

Groff is convinced his crops are better than those 

produced in soils managed conventionally, especially 

during weather extremes. His soils foster high levels of 

earthworm and other biological activity deep in the soil. 

He	promotes	his	system	at	annual	summer	field	days	

that draw huge crowds of farmers and through his infor-

mative website, www.cedarmeadowfarm.com.

—uPdated by aMy kreMen
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Chapter 17

Managing Water:
irrigation and drainage 

Worldwide, over two billion acres of virgin land have been plowed and brought into agricultural use  

since 1860. Until the last decades of the twentieth century, clearing new land compensated for  

loss of agricultural land. In the 1980s the total amount of land under cultivation began declining 

 for the first time since farming reached the land between the Tigris and the Euphrates.

—david MontgoMery, 2007

Deficits	and	excesses	of	water	are	the	most	significant	

yield-limiting factors to crop production worldwide. It is 

estimated that more than half of the global food supply 

depends on some type of water management. In fact, the 

first	major	civilizations	and	population	centers	emerged	

when farmers started to control water, resulting in more 

consistent yields and stable food supplies. Examples 

include Mesopotamia—literally the “land between the riv-

ers” (the Tigris and Euphrates), the lower Nile Valley, and 

China.	High	yields	in	drained	and	irrigated	areas	allowed	

for the development of trade specialization, because no 

longer did everyone need to provide their own food  

supply. This led to important innovations like markets, 

writing, and the wheel. Moreover, new water manage-

ment schemes forced societies to get organized, work 

together on irrigation and drainage schemes, and develop 

laws on water allocations. But water management 

failures were also responsible for the collapse of soci-

eties. Notably, the salinization of irrigated lands in 

Mesopotamia	and	filling	up	of	ditches	with	sediments—

cleaned out by enslaved Israelites among others—resulted 

in lost land fertility and an inability to sustain large 

centrally governed civilizations.

Today, many of the most productive agricultural 

areas depend on some type of water management. In 

the United States, average crop yields of irrigated farms 

are greater than the corresponding yields of dryland 

farms	by	118%	for	wheat	and	30%	for	corn.	At	a	global	

scale,	irrigation	is	used	on	18%	of	the	cultivated	areas,	

but	those	lands	account	for	40%	of	the	world’s	food	

production. The great majority of agricultural lands 

in the western U.S. and other dry climates around 

the world would not be productive without irrigation 

water, and the majority of the U.S. horticultural crop 
Photo by Judy Brossy
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acreage—especially	in	California—is	entirely	dependent	

on elaborate irrigation infrastructures. Even in humid 

regions most high-value crops are grown with irrigation 

during dry spells to insure crop quality and steady sup-

plies for market outlets, in part because the soils have 

become less drought resistant from intensive use.

To	address	excess	water	problems,	the	best	fields	in	

the U.S. corn belt have had drainage systems installed, 

which made those soils even more productive than they 

were	naturally.	Drainage	of	wet	fields	allows	for	a	longer	

growing season because farmers can get onto those 

fields	earlier	in	the	spring	and	harvest	later	in	the	fall	

without causing extreme compaction. 

The	benefits	of	irrigation	and	drainage	are	thus	

obvious. They are critical to food security as well as to 

the	agricultural	intensification	needed	to	protect	natural	

areas.	Concerns	with	climate	change,	which	is	result-

ing	in	greater	occurrences	of	deficits	and	excesses	of	

precipitation, will increase pressure for more irrigation 

and drainage. But they also exact a price on the environ-

ment. Drainage systems provide hydrological shortcuts 

and are responsible for increased chemical losses to 

water resources. Some irrigation systems have resulted 

in drastic changes in river and estuarine ecosystems, 

as well as land degradation through salinization and 

sodium buildup, and have been sources of international 

conflict.	In	the	case	of	the	Aral	Sea—formerly	the	fourth	

largest inland freshwater body in the world—the diver-

sion of rivers to use for irrigated cotton farming in the 

former	USSR	resulted	in	a	50%	decrease	in	the	area	

of the sea. It also became severely contaminated with 

drainage	water	from	agricultural	fields.

IRRIgATION
There are several different types of irrigation systems, 

depending on water source, size of the system, and 

water application method. Three main water sources 

exist: surface water, groundwater, and recycled 

Table 17.1  
Approximate Amounts of Water Needed for Food Production 

Product Gallons of Water per Pound

Wheat 150

Rice 300

Corn 50

Potatoes 19

Soybeans 275

Beef 1,800

Pork 700

Poultry 300

Eggs 550

Milk 100

Cheese 600

Source: FAO.

fIrst consIder soIL IMProveMent

Healthy soils with good and stable aggregation, enhanced organic matter levels, and limited or no compaction go a long 

way toward “drought proofing” your farm. In addition, reduced tillage with residues on the surface also helps to enhance 

water infiltration and reduce evaporation losses from the soil. Cover crops, while using water for their growth, can act as a 

water-conserving surface mulch once they are suppressed. But, of course, water is needed to grow crops—from 19 gallons to 

hundreds or more gallons of water for each pound of plant or animal product (table 17.1). And if it doesn’t rain for a few weeks, 

crops on even the best soils will start to show drought stress. Even in humid regions there can be stretches of dry weather 

that cause stress and reduce crop yield or quality. Irrigation, therefore, is an essential part of growing crops in many regions of 

the world. But the healthier the soil you have, the less irrigation water that will be needed because natural rainfall will be used 

more efficiently.
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wastewater. Irrigation systems run from small on-farm 

arrangements—using a local water supply—to vast 

regional schemes that involve thousands of farms and 

are controlled by governmental authorities. Water appli-

cation	methods	include	conventional	flood,	or	furrow,	

irrigation—which	depends	on	gravity	flow—and	pumped	

water for sprinkler and drip irrigation systems.

Surface Water Sources
Streams, rivers, and lakes have traditionally been the 

main source of irrigation supplies. Historical efforts 

involved the diversion of river waters and then the 

development of storage ponds. Small-scale systems—like 

those used by the Anazasi in the southwestern U.S. and 

the	Nabateans	in	what	is	now	Jordan—involved	cisterns	

that	were	filled	by	small	stream	diversions.

Small-scale irrigation systems nowadays tend 

to pump water directly out of streams or farm ponds 

(figure	17.1).	These	water	sources	are	generally	sufficient	

for cases in which supplemental irrigation is used—in 

humid regions where rainfall and snowmelt supply most 

of the crop water needs but limited amounts of addi-

tional water may be needed for good yields or high-qual-

ity crops. Such systems, generally managed by a single 

farm, have limited environmental impacts. Most states 

require permits for such water diversions to ensure 

against excessive impacts on local water resources.

 Large-scale irrigation schemes have been 

developed around the world with strong involvement 

of state and federal governments. The U.S. government 

invested	$3	billion	to	create	the	intricate	Central	Valley	

project	in	California	that	has	provided	a	hundredfold	

Figure 17.1. A farm pond (left) is used as a water source for a traveling overhead sprinkler system (right) on a vegetable farm. 

Figure 17.2. The Ataturk Dam, part of the GAP project in Turkey, diverts water from the Euphrates River (left). The main canal (middle) conveys water to 
the Harran Plain for distribution to individual fields (right). 
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return on investment. The Imperial Irrigation District, 

located	in	the	dry	desert	of	Southern	California,	was	

developed	in	the	1940s	with	the	diversion	of	water	from	

the	Colorado	River.	Even	today,	large-scale	irrigation	

systems, like the GAP project in southeastern Turkey 

(figure	17.2),	are	being	initiated.	Such	projects	often	

drive major economic development efforts in the region 

and function as a major source for national or inter-

national	food	or	fiber	production.	On	the	other	hand,	

large dams also frequently have detrimental effects of 

displacing	people	and	flooding	productive	cropland	or	

important wetlands.

Groundwater
When good aquifers are present, groundwater is a 

relatively inexpensive source of irrigation water. A sig-

nificant	advantage	is	that	it	can	be	pumped	locally	and	

does not require large government-sponsored invest-

ments in dams and canals. It also has less impact on 

regional hydrology and ecosystems, although pumping 

water	from	deep	aquifers	requires	energy.	Center-pivot	

overhead	sprinklers	(figure	17.3,	right)	are	often	used,	

and	individual	systems,	irrigating	from	120	to	500	acres,	

typically draw from their own well. A good source of 

groundwater is critical for the success of such systems, 

and low salt levels are especially critical to prevent 

the buildup of soil salinity. Most of the western U.S. 

Great Plains—much of it part of the former Dust Bowl 

area—uses center-pivot irrigation systems supported by 

the	large	(174,000-square-mile)	Ogallala	aquifer,	which	

is	a	relatively	shallow	and	accessible	water	source	(figure	

17.3,	left).	It	is,	however,	being	used	faster	than	it	is	

recharging from rainfall—clearly an unsustainable prac-

tice. Deeper wells that require more energy—plus, more 

expensive energy—to pump water will make this mining 

of water an increasingly questionable practice.

Recycled Wastewater
In recent years, water scarcity has forced governments 

and farmers to look for alternative sources of irrigation 

water. Since agricultural water does not require the 

Figure 17.3. Left: Satellite image 
of southwest Kansas, showing 
crop circles from center-pivot 
irrigation systems. Photo by 
NASA. Right: Groundwater-
fed center-pivot system on a 
pasture. 

Figure 17.4. Recycled wastewater from the City of Adelaide, Australia, 
is pumped into an irrigation pond for a vegetable farm. Wastewater-
conveying pipes are painted purple to distinguish them from freshwater 
conduits. 
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return on investment. The Imperial Irrigation District, 
located in the dry desert of Southern California, was 
developed in the 1940s with the diversion of water from 
the Colorado River. Even today, large-scale irrigation 
systems, like the GAP project in southeastern Turkey 
(figure 17.2), are being initiated. Such projects often 
drive major economic development efforts in the region 
and function as a major source for national or inter-
national food or fiber production. On the other hand, 
large dams also frequently have detrimental effects of 
displacing people and flooding productive cropland or 
important wetlands.

Groundwater
When good aquifers are present, groundwater is a 
relatively inexpensive source of irrigation water. A sig-
nificant advantage is that it can be pumped locally and 
does not require large government-sponsored invest-
ments in dams and canals. It also has less impact on 
regional hydrology and ecosystems, although pumping 
water from deep aquifers requires energy. Center-pivot 
overhead sprinklers (figure 17.3, right) are often used, 
and individual systems, irrigating from 120 to 500 acres, 
typically draw from their own well. A good source of 
groundwater is critical for the success of such systems, 
and low salt levels are especially critical to prevent 
the buildup of soil salinity. Most of the western U.S. 
Great Plains—much of it part of the former Dust Bowl 

area—uses center-pivot irrigation systems supported by 
the large (174,000-square-mile) Ogallala aquifer, which 
is a relatively shallow and accessible water source (figure 
17.3, left). It is, however, being used faster than it is 
recharging from rainfall—clearly an unsustainable prac-
tice. Deeper wells that require more energy—plus, more 
expensive energy—to pump water will make this mining 
of water an increasingly questionable practice.

Recycled Wastewater
In recent years, water scarcity has forced governments 
and farmers to look for alternative sources of irrigation 
water. Since agricultural water does not require the 

Figure 17.3. Left: Satellite image 
of southwest Kansas, showing 
crop circles from center-pivot 
irrigation systems. Photo by 
NASA. Right: Groundwater-
fed center-pivot system on a 
pasture. 

Figure 17.4. Recycled wastewater from the City of Adelaide, Australia, 
is pumped into an irrigation pond for a vegetable farm. Wastewater-
conveying pipes are painted purple to distinguish them from freshwater 
conduits. 
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same quality as drinking water, recycled wastewater is 

a	good	alternative.	It	is	being	used	in	regions	where	(1)	

densely	populated	areas	generate	significant	quanti-

ties of wastewater and are close to irrigation districts, 

and (2) surface or groundwater sources are very limited 

or need to be transported over long distances. Several 

irrigation districts in the U.S. are working with munici-

palities to provide safe recycled wastewater, although 

some concerns still exist about long-term effects. Other 

nations with advanced agriculture and critical water 

shortages—notably Israel and Australia—have also 

implemented wastewater recycling systems for irrigation 

purposes	(figure	17.4).

Irrigation Methods
Flood, or furrow, irrigation is the historical 

approach and remains widely used around the world. 

It	basically	involves	the	simple	flooding	of	a	field	for	a	

limited	amount	of	time,	allowing	the	water	to	infiltrate.	

If	the	field	has	been	shaped	into	ridges	and	furrows,	

the	water	is	applied	through	the	furrows	and	infiltrates	

down	and	laterally	into	the	ridges	(figure	17.5).	Such	

systems	mainly	use	gravity	flow	and	require	nearly	flat	

fields.	These	systems	are	by	far	the	cheapest	to	install	

and use, but their water application rates are very 

inexact and typically uneven. Also, these systems are 

most associated with salinization concerns, as they can 

easily raise groundwater tables. Flood irrigation is also 

used in rice production systems in which dikes are used 

to keep the water ponded.

 Sprinkler irrigation systems apply water 

through pressurized sprinkler heads and require 

conduits	(pipes)	and	pumps.	Common	systems	include	

stationary	sprinklers	on	risers	(figure	17.6)	and	traveling	

overhead	sprinklers	(center-pivot	and	lateral;	figures	

17.3	and	17.1).	These	systems	allow	for	more	precise	

water	application	rates	than	flooding	systems	and	more	

efficient	water	use.	But	they	require	larger	up-front	

investments, and the pumps use energy. Large, traveling 

gun	sprayers	can	efficiently	apply	water	to	large	areas	

and are also used to apply liquid manure.

Localized irrigation—especially useful for tree 

crops—can often be accomplished using small sprinklers 

MAIn tYPes of IrrIGAtIon
•  Flood, or furrow, irrigation 

•  Sprinkler irrigation

•  Drip, or trickle, irrigation

•  Manual irrigation 

Figure 17.5. Furrow irrigation is generally inexpensive but also inefficient 
with respect to water use. Photo by USDA-ERS.

Figure 17.6. Portable sprinkler irrigation system commonly used with 
horticultural crops. 
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(figure	17.7)	that	are	connected	using	small-diameter	

“spaghetti tubing” and relatively small pumps, making 

the system comparatively inexpensive.

Drip, or trickle, irrigation systems also use 

flexible	or	spaghetti	tubing	combined	with	small	emitters.	

They are mostly used in bedded or tree crops using a line 

source with many regularly spaced emitters or applied 

directly near the plant through a point-source emitter 

(figure	17.8).	The	main	advantage	of	drip	irrigation	is	the	

parsimonious use of water and the high level of control. 

Drip irrigation systems are relatively inexpensive, can be 

installed easily, use low pressure, and have low energy 

consumption. In small-scale systems like market gardens, 

pressure may be applied through a gravity hydraulic head 

from a water container on the small platform. Subsurface 

drip irrigation systems, in which the lines and emitters 

are	semipermanently	buried	to	allow	field	operations,	are	

now also coming into use. Such systems require attention 

to the placement of the tubing and emitters; they need to 

be	close	to	the	plant	roots,	as	lateral	water	flow	from	the	

trickle line through the soil is limited.  

Manual irrigation involves watering cans, buck-

ets, garden hoses, inverted soda bottles, etc. Although it 

doesn’t	fit	with	large-scale	agriculture,	it	is	still	widely	

used in gardens and small-scale agriculture in underde-

veloped countries.

Fertigation	is	an	efficient	method	to	apply	fertil-

izer to plants through pumped systems like sprinkler 

and drip irrigation. The fertilizer source is mixed with 

the irrigation water to provide low doses of liquid 

fertilizer that are readily absorbed by the crop. This 

also allows for “spoon feeding” of fertilizer to the crop 

through multiple small applications, which would other-

wise be a logistical challenge.

Figure 17.7. Small (micro) sprinklers allow for localized water application 
at low cost. Photo by Thomas Scherer.

Figure 17.8. Drip irrigation of bean plants. Lateral movement of water to reach plant roots may be limited with drip systems (left), unless each crop row 
has its own drip line or the spacing between rows is decreased by using narrow twin rows (right). Note: The apparent leaf discoloration is due to a low 
sun angle. 
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Environmental Concerns and Management Practices
Irrigation	has	numerous	advantages,	but	significant	con-

cerns exist as well. The main threat to soil health in dry 

regions is the accumulation of salts—and in some cases 

also sodium. As salt accumulation increases in the soil, 

crops	have	more	difficulty	getting	the	water	that’s	there.	

When sodium accumulates, aggregates break down and 

soils become dense and impossible to work (chapter 

6). Over the centuries, many irrigated areas have been 

abandoned due to salt accumulation, and it is still a 

major threat in several areas in the U.S. and elsewhere 

(figure	17.9).	Salinization	is	the	result	of	the	evaporation	

of irrigation water, which leaves salts behind. It  

is	especially	prevalent	with	flood	irrigation	systems,	

which tend to over-apply water and can raise saline 

groundwater tables. Once the water table gets close to 

the surface, capillary water movement transports soil 

water to the surface, where it evaporates and leaves  

salts behind. When improperly managed, this can 

render soils unproductive within a matter of years. 

Salt accumulation can also occur with other irrigation 

practices—even with drip systems, especially when the 

climate is so dry that leaching of salts does not occur 

through natural precipitation.

The	removal	of	salts	is	difficult,	especially	when	

lower soil horizons are also saline. Irrigation systems 

in arid regions should be designed to supply water and 

also to remove water—implying that irrigation should 

be combined with drainage. This may seem paradoxical, 

but salts need to be removed by application of additional 

water to dissolve the salts, leach them out of the soil, 

and subsequently remove the leachate through drains or 

ditches, where the drain water may still create concerns 

for downstream areas due to its high salt content. One of 

the long-term success stories of irrigated agriculture—

the lower Nile Valley—provided irrigation during the 

river’s	flood	stage	in	the	fall	and	natural	drainage	after	

it subsided to lower levels in the winter and spring. In 

concerns WIth IrrIGAtIon
•  accumulation of salts and/or sodium in the soil

•  energy use

•  increased potential for nutrient and pesticide loss

•  water use diverted from natural systems

•  displacement of people by large dams and possible 

flooding of productive cropland, wetlands, or 

archaeological sites

•  competing users: urban areas and downstream  

communities

Figure 17.9. Over-irrigation can raise groundwater tables (visible at bottom of pit, left). Surface evaporation of water traveling upward through soil capil-
laries (very small channels) from the shallow groundwater causes salt accumulation (right). 
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some cases, deep-rooted trees are used to lower regional 

water tables, which is the approach used in the highly 

salinized plains of the Murray Darling Basin in south-

eastern Australia. Several large-scale irrigation projects 

around the world were designed only for the water sup-

ply component, and funds were not allocated for drain-

age systems, ultimately causing salinization.

The removal of sodium can be accomplished by 

exchange with calcium on the soil exchange complex, 

which is typically done through the application of gyp-

sum. In general, salinity and sodicity are best prevented 

through good water management. (See chapter 20 for 

discussion of reclaiming saline and sodic soils.) 

Salt accumulation is generally not an issue in humid 

regions, but over-irrigation raises concerns about nutri-

ent and pesticide leaching losses in these areas. High 

application rates and amounts can push nitrates and 

pesticides past the root zone and increase groundwater 

contamination. Soil saturation from high application 

rates	can	also	generate	denitrification	losses.

A bigger issue with irrigation, especially at regional 

and global scales, is the high water consumption levels 

and competing interests. Agriculture consumes approxi-

mately	70%	of	the	global	water	withdrawals.	Humans	

use less than a gallon of water per day for direct con-

sumption,	but	about	150	gallons	are	needed	to	produce	

a	pound	of	wheat	and	1,800	gallons	are	needed	for	a	

pound	of	beef	(table	17.1,	p.	188).	According	to	the	U.S.	

Geological	Survey,	68%	of	high-quality	groundwater	

withdrawals in the U.S. are used for irrigation. Is this 

sustainable? The famous Ogallala aquifer mostly holds 

“ancient” water that accumulated during previous wetter 

climates. As mentioned above, withdrawals are currently 

larger than the recharge rates, and this limited resource 

is therefore slowly being mined.

Several large irrigation systems affect international 

relations.	The	high	withdrawal	rates	from	the	Colorado	

River diminish it to a trickle by the time it reaches 

the U.S.-Mexico border and the estuary in the Gulf 

of	California.	Similarly,	Turkey’s	decision	to	promote	

agricultural development through the diversion of 

Euphrates waters has created tensions with the down-

stream countries, Syria and Iraq.

Irrigation Management at the Farm Level
Sustainable irrigation management and prevention of 

salt and sodium accumulation require solid planning, 

appropriate	equipment,	and	monitoring.	A	first	step	is	

to build the soil so it optimizes water use by the crop. As 

we discussed in chapters 5 and 6, soils that are low in 

organic	matter	and	high	in	sodium	have	low	infiltration	

capacities due to surface sealing and crusting from low 

aggregate stability. Overhead irrigation systems often 

apply water as “hard rain,” creating further problems 

with surface sealing and crusting.

Good IrrIGAtIon MAnAGeMent
•  Build soil to be more resistant to crusting and drought 

by increasing organic matter contents, aggregation, 

and rooting volume.

•  Use water conservatively: Consider deficit irrigation 

scheduling.

•  Monitor soil, plant, and weather for precise estima-

tion of irrigation needs.

•  Use precise water application rates; do not over-irrigate.

•  Use water storage systems to accumulate rainfall 

when feasible.

•  Use good-quality recycled wastewater when available.

•  Reduce tillage and leave surface residues.

•  Use mulches to reduce surface evaporation.

•  Integrate water and fertilizer management to reduce 

losses.

• Prevent salt or sodium accumulation: Leach salt 

through drainage, and reduce sodium contents 

through gypsum application.
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Healthy soils have more water supply capacity than 

soils that are compacted and depleted of organic matter. 

It	is	estimated	that	for	every	1%	loss	in	organic	matter	

content	in	the	surface	foot,	soil	can	hold	16,500	gallons	

less of plant-available water per acre. Additionally, sur-

face compaction creates lower root health and density, 

and hard subsoils limit rooting volume. These processes 

are captured by the concept of the optimum water 

range—which we discussed in chapter 6—where the com-

bination of compaction and lower plant-available water 

retention capacity limits the soil water range for healthy 

plant	growth.	Such	soils	therefore	have	less	efficient	crop	

water use and require additional applications of irrigation 

water. In fact, it is believed that many farms in humid cli-

mates have started to use supplemental irrigation because 

their soils have become compacted and depleted of 

organic matter. As we discussed before, poor soil manage-

ment is often compensated for by increased inputs.

Reducing tillage, adding organic amendments, 

preventing compaction, and using perennial 

crops in rotations can increase water storage. A long-

term experiment showed that reducing tillage and using 

crop rotations increased plant-available water capacity 

in	the	surface	horizon	by	up	to	34%	(table	17.2).	When	

adding organic matter, consider stable sources that are 

mostly composed of “very dead” materials such as com-

posts. They are more persistent in soil and are a primary 

contributor to soil water retention. But don’t forget fresh 

residues (the “dead”) that help form new and stable 

aggregates. Increasing rooting depth greatly increases 

plant water availability by extending the volume of soil 

available for roots to explore. When distinct plow pans 

are present, ripping through them makes subsoil water 

accessible to roots. Practices like zone tillage increase 

rooting depth and also result in long-term increases in 

organic matter and water storage capacity.

These	practices	have	the	most	significant	impact	in	

humid regions where supplemental irrigation is used 

to reduce drought stress during dry periods between 

rainfall events. Building a healthier soil will reduce 

irrigation needs and conserve water, because increased 

plant water availability extends the time until the onset 

of drought stress and greatly reduces the probability of 

stress. For example, let’s assume that a degraded soil 

with a plow pan (A) can provide adequate water to a 

crop	for	8	days	without	irrigation,	and	a	healthy	soil	

with	deep	rooting	(B)	allows	for	12	days.	A	12-day	con-

tinuous drought, however, is much less likely. Based on 

climate data for the northeastern U.S., the probability of 

such	an	event	in	the	month	of	July	is	1	in	100	(1%),	while	

the	probability	for	an	8-day	dry	period	is	1	in	20	(5%).	

The crops growing on soil A would run out of water and 

suffer	stress	in	July	in	5%	of	years,	while	the	crops	on	

soil	B	would	be	stressed	in	only	1%	of	years.	A	healthy	

soil would reduce or eliminate the need for irrigation in 

many cases.

Increasing surface cover—especially with heavy 

mulch—significantly	reduces	evaporation	from	the	soil	

surface.	Cover	crops	can	increase	soil	organic	matter	

and provide surface mulch, but caution should be used 

with cover crops, because when growing, they can con-

sume considerable amounts of water that may be needed 

to leach salts or supply the cash crop.

Conservative water use prevents many of 

the problems that we discussed above. This can be 

Table 17.2 
Plant-Available Water Capacity in Long-Term Tillage and 

Rotation Experiments in New York 

Tillage Experiments Plant-Available Water Capacity (%)

Plow till No till % increase

Silt loam—33 years 24.4 28.5 17%

Silt loam—13 years 14.9 19.9 34%

Clay loam—13 years 16.0 20.2 26%

Rotation  
Experiment 

Continuous 
corn Corn after grass % increase

Loamy sand—12 years 14.5 15.4 6%

Sandy clay—12 years 17.5 21.3 22%

Source: Moebius et al. (2008).
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accomplished by monitoring the soil, the plant, or 

weather indicators and applying water only when 

needed.	Soil	sensors—like	tensiometers	(figure	17.10),	

moisture blocks, and new TDR or capacitance probes—

can evaluate soil moisture conditions. When the soil 

moisture levels become critical, irrigation systems can 

be turned on and water applications can be made to 

meet the crop’s needs without excess. The crop itself can 

also be monitored, as water stress results in increased 

leaf temperatures that can be detected with thermal or 

near infrared imaging. 

Another approach involves the use of weather 

information—from either government weather services 

or small on-farm weather stations—to estimate the 

balance between natural rainfall and evapotranspira-

tion. Electronic equipment is available for continuous 

measuring of weather indicators, and they can be read 

from a distance using wireless or phone communica-

tion.	Computer	technology	and	site-specific	water	and	

fertilizer application equipment—now available with 

large modern sprinkler systems—allow farmers to tailor 

irrigation to acre-scale localized water and fertilizer 

needs.	Researchers	have	also	demonstrated	that	deficit	

irrigation—water	applications	that	are	less	than	100%	

of evapotranspiration—can provide equal yields with 

reduced water consumption and promote greater reli-

ance	on	stored	soil	water.	Deficit	irrigation	is	used	pur-

posely with grapevines that need limited water stress to 

enrich quality-enhancing constituents like anthocyanins.

Many of these practices can be effectively combined. 

For example, a vegetable grower in Australia uses beds 

with	controlled	traffic	(figure	17.11).	A	sorghum-sudan	

cover crop is planted during the wet season and mulched 

down after maturing, leaving a dense mulch. Subsurface 

trickle irrigation is installed in the beds and stays in 

place	for	five	or	more	years	(in	contrast,	annual	removal	

and reinstallation are necessary with tilled systems). 

No tillage is performed, and vegetable crops are planted 

using highly accurate GPS technology to ensure that 

they are within a couple of inches from the drip emitters.

DRAINAgE
Soils that are naturally poorly drained and have inad-

equate aeration are generally high in organic matter 

content. But poor drainage makes them unsuitable for 

growing most crops other than a few water-loving plants 

like	rice	and	cranberries.	When	such	soils	are	artifi-

cially drained, they become very productive, as the high 

Figure 17.10. Tensiometers used for soil moisture sensing in irrigation 
management. Photo courtesy of the Irrometer Company.

Figure 17.11. No-till irrigated vegetables grown on beds with cover crop 
mulch. Drip irrigation lines are placed at 1–2 inches depth in the beds 
(not visible). 
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organic matter content provides all the good qualities 

we discussed in earlier chapters. Over the centuries, 

humans have converted swamps into productive agricul-

tural land by digging ditches and canals, subsequently 

also combined with pumping systems to remove the 

water from low-lying areas. Aztec cities were supported 

in part by food from chinampas, which are canals dug 

in shallow lakes with the rich mud used to build raised 

beds. Large areas of Holland were drained with ditches 

to create pasture and hay land to support dairy-based 

agriculture. Excess water was removed by windmill 

power, and later by steam- and oil-powered pumping 

stations	(figure	17.12).	Today,	new	drainage	efforts	are	

primarily	accomplished	with	subsurface	corrugated	PVC	

tubes	that	are	installed	with	laser-guided	systems	(figure	

17.13).	In	the	United	States	land	drainage	efforts	have	

been	significantly	reduced	as	a	result	of	wetland	protec-

tion legislation, and large-scale government-sponsored 

projects are no longer initiated. But at the farm level, 

recent adoption of yield monitors on crop combines has 

quantified	the	economic	benefits	of	drainage	on	exist-

ing cropland, and additional drainage lines are being 

installed at an accelerated pace in many of the very 

productive lands in the U.S. corn belt and elsewhere.  

Benefits of Drainage
Drainage results in the lowering of water tables by 

removal	of	water	through	ditches	or	tubes	(figure	17.14).	

The	main	benefit	is	the	creation	of	a	deeper	soil	volume	

that is adequately aerated for growth of common crop 

plants. If crops are grown that can tolerate shallow root-

ing conditions—like grasses for pastures or hay—the 

water table can still be maintained relatively close to the 

surface or drainage lines can be spaced far apart, thereby 

reducing installation and maintenance costs, especially 

Figure 17.12. The Wouda pumping station was built to drain large areas 
in Friesland, Netherlands, and is the largest steam pumping station ever 
built. It is now on the World Heritage List. 

Figure 17.13. Left: Drainage ditch removes excess water and lowers water table. Right: Installation of perforated corrugated PVC drain lines using a laser-
guided trencher. 
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in low-lying areas that require pumping. Most com-

mercial crops, like corn, alfalfa, and soybeans, require a 

deeper aerated zone, and subsurface drain lines need to 

be	installed	3	to	4	feet	deep	and	spaced	from	20	to	80	feet	

apart, depending on soil characteristics.

Drainage	increases	the	timeliness	of	field	opera-

tions and reduces the potential for compaction damage. 

Farmers in humid regions have limited numbers of dry 

days	for	spring	and	fall	fieldwork,	and	inadequate	drain-

age	then	prevents	field	operations	prior	to	the	next	rain-

fall.	With	drainage,	field	operations	can	commence	within	

several days after rain. As we discussed in chapters 6 and 

15,	most	compaction	occurs	when	soils	are	wet	and	in	the	

plastic state, and drainage helps soils transition into the 

friable state more quickly during drying periods—except 

for soils with high plasticity, like most clays. Runoff 

potential is also reduced by subsurface drainage, because 

compaction is reduced and soil water content is decreased 

by removal of excess water. This allows the soil to absorb 

more	water	through	infiltration.

Installing drains in poorly drained soils therefore 

has	agronomic	and	environmental	benefits	because	it	

reduces compaction and loss of soil structure. This also 

addresses other concerns with inadequate drainage, 

like	high	nitrogen	losses	through	denitrification.	A	large	

fraction	of	denitrification	losses	can	occur	as	nitrous	

oxide, which is a potent greenhouse gas. As a general 

principle, croplands that are regularly saturated during 

the growing season should either be drained, or revert to 

pasture or natural vegetation.

Types of Drainage Systems
Ditching was used to drain lands for many centuries, but 

most	agricultural	fields	are	now	drained	through	perfo-

rated	corrugated	PVC	tubing	that	is	installed	in	trenches	

and	backfilled	(figure	17.13,	right).	They	are	still	often	

referred to as drain “tile,” which dates back to the prac-

tice	of	installing	clay	pipes	during	the	1800s	and	early	

1900s.	Subsurface	drain	pipes	are	preferred	in	a	modern	

agricultural	setting,	as	ditches	interfere	with	field	

A

B

C D

Figure 17.14. Drainage systems lower water tables and increase rooting volume. A: undrained with pasture; B: drainage ditch; C: subsurface tube drain 
(tile); and D: mole drain. Water table is indicated by dashed line with inverted triangle. 
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operations and take land out of production. A drainage 

system	still	needs	ditches	at	the	field	edges	to	convey	the	

water	away	from	the	field,	to	wetlands,	streams,	or	rivers	

(figure	17.13,	left).

If	the	entire	field	requires	drainage,	the	subsurface	

pipes may be installed in grids with mostly parallel lines 

(figure	17.16).	This	is	common	for	flat	terrains.	On	undu-

lating lands, drain lines are generally installed in swales 

and other low-lying areas where water accumulates. This 

is generally referred to as random drainage (although 

a better term is targeted drainage). Interceptor drains 

may be installed at the bottom of slopes to remove 

excess water from upslope areas.

Fine-textured soils are less permeable than coarse-

textured ones and require closer drain spacing to be 

effective.	A	common	drain	spacing	for	a	fine	loam	is	50	

feet, while in sandy soil drain pipes may be installed at 

100-foot	spacing,	which	is	considerably	less	expensive.	

Installing conventional drains in heavy clay soils is often 

too expensive due to the need for close drain spacing. 

But alternatives can be used. Mole drains are developed 

by pulling a tillage-type implement with a large bullet 

through soil in the plastic state at approximately 2 feet 

of	depth	(figure	17.17).	The	implement	cracks	the	drier	

surface soil to create water pathways. The bullet creates 

a drain hole, and an expander smears the sides to give it 

more stability. Such drains are typically effective for sev-

eral years, after which the process needs to be repeated. 

Like	PVC	drains,	mole	drains	discharge	into	ditches	at	

the	edge	of	fields.

Clay	soils	may	also	require	surface drainage, which 

involves shaping the land to allow water to discharge 

over	the	soil	surface	to	the	edge	of	fields,	where	it	can	

enter	a	grass	waterway	(figure	17.18).	Soil	shaping	is	also	

Is Drainage Really Needed?
Croplands with shallow or perched water tables benefit from drain-
age. But prolonged water ponding on the soil surface is not neces-
sarily an indication of a shallow water table. Inadequate drainage 
can also result from poor soil structure (figure 17.15). Intensive use, 
loss of organic matter, and compaction make a soil drain poorly in 
wet climates. It may be concluded that the installation of drainage 
lines will solve this problem. Although this may help reduce further 
compaction, the correct management strategy is to build soil 
health and increase its permeability. 

Figure 17.15. A soil with apparent drainage problems that are the 
result of poor soil structure. 

to outlet

Grid

to 

outlet

Random (targeted)

Figure 17.16. Grid and random (targeted) patterns for subsurface drain lines.

coMMon tYPes of drAInAGe  
PrActIces used In AGrIcuLture
•  Ditches

•  Subsurface drain lines (tile)

•  Mole drains

•  Surface drains

•  Raised beds and ridges
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used to smooth out localized depressions where water 

would otherwise accumulate and remain ponded for 

extended periods of time.

A very modest system of drainage involves the use 

of ridges and raised beds,	especially	on	fine-textured	

soils. This involves limited surface shaping, in which the 

crop rows are slightly raised relative to the inter-rows. 

This may provide a young seedling with enough aeration 

to survive through a period of excessive rainfall. These 

systems may also include reduced tillage—ridge tillage 

involves minimal soil disturbance—as well as controlled 

traffic	to	reduce	compaction	(chapters	15	and	16).		

Concerns with Drainage
The extensive drainage of lands has created concerns, 

and many countries are now strictly controlling new 

drainage	efforts.	In	the	U.S.,	the	1985	Food	Security	Act	

contains the so-called Swampbuster Provision, which 

strongly discourages conversion of wetlands to cropland 

and	has	since	been	strengthened.	The	primary	justifica-

tion for such laws was the loss of wetland habitats and 

landscape hydrological buffers.

Wetlands are among the richest natural habitats due 

to the ample supplies of organic sources of food, and 

they are critical to migrating waterfowl that require food 

and habitat away from land predators. These wetlands 

also play important roles in buffering the hydrology of 

watersheds.	During	wet	periods	and	snowmelt	they	fill	

with runoff water from surrounding areas, and during 

dry periods they receive groundwater that resurfaces 

in a lower landscape position. The retention of this 

water	in	swamps	reduces	the	potential	for	flooding	in	

downstream areas and allows nutrients to be cycled into 

aquatic plants and stored as organic material. When 

the swamps are drained, these nutrients are released by 

the oxidation of the organic materials and are mostly 

lost through the drainage system into watersheds. The 

extensive drainage of glacially derived pothole swamps 

Figure 17.17. A mole drain in a clay soil (left) is created with the use of a mole plow (right). 

Figure 17.18. Surface drainage on clay soils in Ontario, Canada. Excess 
water travels over the surface to a grass waterway. 
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in	the	north	central	and	northeastern	U.S.	and	Canada	

has	contributed	to	significant	increases	in	flooding	and	

losses of nutrients into watersheds.

Drainage systems also increase the potential for 

losses of nutrients, pesticides, and other contaminants 

by providing a hydrologic shortcut for percolating 

waters. While under natural conditions water would be 

retained in the soil and slowly seep to groundwater, it is 

captured by drainage systems and diverted into ditches, 

canals,	streams,	lakes,	and	estuaries	(figure	17.19).	This	

is	especially	a	problem	because	medium-	and	fine-

textured soils generally allow for very rapid movement 

of surface-applied chemicals to subsurface drain lines 

(figure	17.20).	Unlike	sands,	which	can	effectively	filter	

percolating	water,	fine-textured	soils	contain	structural	

cracks and large (macro) pores down to the depth of 

a drain line. Generally, we would consider these to be 

favorable, because they facilitate water percolation 

and aeration. However, when application of fertilizers, 

pesticides,	or	liquid	manure	is	followed	by	significant	

precipitation—especially intense rainfall that causes 

short-term surface ponding—these contaminants can 

enter the large pores and rapidly (sometimes within one 

hour) move to the drain lines. Bypassing the soil matrix 

and	not	filtered	or	adsorbed	by	soil	particles,	these	con-

taminants can enter drains and surface waters at high 

concentrations	(figure	17.21).	Management	practices	can	

be implemented to reduce the potential for such losses 

(see	the	box	“To	Reduce	Rapid	Chemical	and	Manure	

Leaching to Drain Lines,” next page).

Artificial	drainage	of	the	soil	profile	also	reduces	the	

amount of water stored in the soil and the amount of 

water available for a crop. Farmers who want to drain 

water out of the soil in case of excess rain but would 

like to retain it in case of drought play a game with the 

weather. Controlled drainage	allows	for	some	flexibility	

Figure 17.19. Subsurface drain line discharges into an edge-of-field ditch, 
diverting groundwater to surface waters. 

Figure 17.21. Water samples taken from a subsurface drain line when 
heavy rainfall followed liquid manure application. From left, water 
samples represent 15-minute sampling intervals from the onset of drain 
discharge. Photo by Larry Geohring.

soil surface

drain line

Figure 17.20. Continuous large (macro) pores may cause rapid movement 
of contaminants from the soil surface to drain lines, bypassing the soil 
matrix.
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and involves retention of water in the soil system 

through the use of weirs in the ditches at the sides of 

fields.	In	effect,	this	keeps	the	water	table	at	a	higher	

level than the depth of the drains, but the weir can be 

lowered	in	case	the	soil	profile	needs	to	be	drained.	

Controlled	drainage	is	also	recommended	during	winter	

fallows to slow down oxidations of organic matter in 

muck (organic) soils and reduce nitrate leaching in 

sandy soils.

SUMMARY
Irrigation and drainage allow for high yields in areas 

that otherwise have shortages or excesses of water. 

There is no doubt that we need such water management 

practices to secure a food supply for a growing popula-

tion and provide the high yields needed to arrest the 

conversion of natural lands into agriculture. Some of the 

most productive lands use drainage and/or irrigation, 

and the ability to control water regimes provides great 

advantages. Yet there is a larger context: These practices 

exact a price on the environment by diverting water 

from its natural course and increasing the potential 

for soil and water contamination. Good management 

practices can be used to reduce the impacts of altered 

water regimes. Building healthy soils is an important 

component of making soil and water management more 

sustainable by reducing the need for irrigation and 

drainage. In addition, other practices that promote more 

judicious use of water and chemical inputs help reduce 

environmental impacts.
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to reduce rAPId cheMIcAL And MAnure 
LeAchInG to drAIn LInes 
•  Build soils with a crumb structure that readily 

absorbs rainfall and reduces the potential for surface 

ponding.

•  Avoid applications on wet soils (with or without 

artificial drainage) or prior to heavy rainfall.

•  Inject or incorporate applied materials. Even modest 

incorporation reduces flow that bypasses the mass 

of the soil.
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Chapter 18

nutrient ManageMent:
an introduCtion

The purchase of plant food is an important matter, but the use of a [fertilizer] is not a cure-all,  

nor will it prove an adequate substitute for proper soil handling.

—J.l. hills, C.h. Jones, and C. Cutler, 1908

Of the eighteen elements needed by plants, only 

three—nitrogen (N), phosphorus (P), and potassium 

(K)—are	commonly	deficient	in	soils.	Deficiencies	of	other	

nutrients, such as magnesium (Mg), sulfur (S), zinc (Zn), 

boron (B), and manganese (Mn), certainly occur, but they 

are	not	as	widespread.	Deficiencies	of	sulfur,	magne-

sium, and some micronutrients may be more common 

in regions with highly weathered minerals, such as the 

southeastern states, or those with high rainfall, such as 

portions	of	the	Pacific	Northwest.	On	higher-pH	calcare-

ous soils, especially in drier regions, keep an eye out for 

deficiencies	of	iron,	zinc,	copper,	and	manganese.	In	con-

trast, in locations with relatively young soil that contains 

minerals that haven’t been weathered much by nature—

such as glaciated areas with moderate to low rainfall like 

the	Dakotas—K	deficiencies	are	less	common.

Environmental concerns have resulted in more 

emphasis on better management of N and P over the 

past few decades. While these nutrients are critical to 

soil fertility management, they also cause widespread 

environmental problems. Poor soil and crop manage-

ment; overuse of fertilizers; misuse of manures, sewage 

sludges (biosolids), and composts; and high animal 

numbers on limited land area have contributed to sur-

face and groundwater pollution in many regions of the 

U.S. Because both N and P are used in large quantities 

and their overuse has potential environmental implica-

tions,	we’ll	discuss	them	together	in	chapter	19.	Other	

nutrients, cation exchange, soil acidity (low pH) and 

liming, and arid and semiarid region problems with 

sodium, alkalinity (high pH), and excess salts are cov-

ered in chapter 20.

THE bOTTOM lINE: NUTRIENTS AND PlANT HEAlTH, 
PESTS, PROFITS, AND THE ENVIRONMENT
Management practices are all related. The key is to 

visualize them all as whole-farm management, lead-

ing you to the goals of better crop growth and better 
Photo by Dennis Nolan

2014 Current Issue Study Packet pg 221



Building SoilS for Better CropS: SuStainaBle Soil ManageMent

204

environmental quality. If a soil has good tilth, no 

subsurface compaction, good drainage, adequate water, 

and a good supply of organic matter, plants should be 

healthy and have large root systems. This enables plants 

to	efficiently	take	up	nutrients	and	water	from	the	soil	

and to use those nutrients to produce higher yields.

Doing a good job of managing nutrients on the farm 

and	in	individual	fields	is	critical	to	general	plant	health	

and management of plant pests. Too much available N in 

the early part of the growing season allows small-seeded 

weeds, with few nutrient reserves, to get well established. 

This early jump start may then enable them to out-

compete	crop	plants	later	on.	Crops	do	not	grow	properly	

if nutrients aren’t present at the right time of the season 

in	sufficient	quantities	and	in	reasonable	balance	to	one	

another. Plants may be stunted if nutrient levels are low, 

or they may grow too much foliage and not enough fruit 

if N is too plentiful relative to other nutrients. Plants that 

are under nutrient stress or growing abnormally—for 

example, in the presence of too low or too high N levels—

are not able to emit as much of the natural chemicals that 

signal	beneficial	insects	when	insect	pests	feed	on	leaves	

or	fruit.	Low	K	levels	aggravate	stalk	rot	of	corn.	On	the	

other	hand,	pod	rot	of	peanuts	is	associated	with	excess	K	

within the fruiting zone of peanuts (the top 2 to 3 inches 

of soil). Blossom-end rot of tomatoes is related to low cal-

cium levels, often made worse by droughty, or irregular 

rainfall or irrigation, conditions.

When plants either don’t grow well or are more 

susceptible to pests, that affects the economic return. 

Yield and crop quality usually are reduced, lower-

ing the amount of money received. There also may be 

added costs to control pests that take advantage of poor 

nutrient management. In addition, when nutrients are 

applied beyond plant needs, it’s like throwing money 

away. And when N and P are lost from the soil by leach-

ing to groundwater or running into surface water, entire 

communities may suffer from poor water quality.

passive organic matter
(humus, organo-mineral complexes)

During the decomposition process,
growth-promoting substances are
produced (A), soil structure is improved
and water-holding capacity is increased
(B), nutrients are mineralized (during C,
D, and E), and CEC is produced (C, D, and E).

growth-promoting substances

better soil structure and improved 
water-holding capacityresidue

active organic matter
(particulate, light fraction) 

2) CEC and chelates produced during decomposition 
process.

1) Nutrients released during residue decomposition.
Relatively high amounts of mineralization of available 
nutrients are produced by a combination of rapid 
decomposition plus previously accumulated POM or 
a high amount of added residues. Rapid decomposition 
is stimulated by intensive tillage, good soil drainage, 
coarse texture, and alternating wet and dry conditions.

Direct Effects on Nutrient Availability
1) Growth-promoting substances. Substances produced by bacteria
promote better root growth and healthier roots and lead to the 
exploration of more soil volume and more surface area for nutrient 
interception and mass flow of nutrients to roots.   

2) Better soil structure and improved water-holding capacity. Better 
soil structure may enhance root development and exploration (see #1). 
Good soil structure and plentiful humus content contribute to higher 
amounts of plant-available water following rains or irrigation. This results 
in better plant growth and health and more nutrient movement to roots.     

Indirect Effects on Nutrient Availability

A

B

C

D
E

Figure 18.1. Influence of soil organic matter and its management on nutrient availability.
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ORgANIc MATTER AND NUTRIENT AVAIlAbIlITY
The best single overall strategy for nutrient management 

is	to	enhance	the	levels	of	organic	matter	in	soils	(figure	

18.1).	This	is	especially	true	of	N	and	P.	Soil	organic	

matter, together with any freshly applied residues, are 

well-known sources of N for plants. Mineralization of 

P and sulfur from organic matter is also an important 

source of these nutrients. As discussed earlier, organic 

matter helps hold on to positively charged potassium 

(K+),	calcium	(Ca++), and magnesium (Mg++) ions. It 

also provides natural chelates that maintain micronu-

trients such as zinc, copper, and manganese in forms 

that plants can use. In addition, the improved soil tilth 

and the growth-promoting substances produced during 

organic matter decomposition help the plant develop a 

more extensive root system, allowing it to obtain nutri-

ents from a larger volume of soil.

IMPROVINg NUTRIENT cYclINg ON THE FARM
For economic and environmental reasons, it makes 

sense	for	plants	to	more	efficiently	utilize	nutrient	

cycling on the farm. Goals should include a reduction in 

long-distance	nutrient	flows,	as	well	as	promoting	“true”	

on-farm cycling, in which nutrients return in the form 

of	crop	residue	or	manure	to	the	fields	from	which	they	

came. There are a number of strategies to help farmers 

reach the goal of better nutrient cycling:

•		 Reduce unintended losses by promoting water 

infiltration	and	better	root	health	through	enhanced	

management of soil organic matter and physical 

properties. Ways organic matter can be built up and 

maintained include increased additions of a variety of 

sources of organic matter, plus methods for reducing 

losses via tillage and conservation practices. In addi-

tion, apply only the amount of irrigation water needed 

to	refill	the	root	zone.	Applying	more	irrigation	water	

than needed can cause both runoff and leaching losses 

of nutrients. (In arid climates occasional extra water 

applications will be needed to leach accumulating 

salts from the irrigation below the root zone.)

•		 Enhance nutrient uptake efficiency by care-

fully using fertilizers and amendments, as well as 

irrigation practices. Better placement and synchro-

nizing application with plant growth both improve 

efficiency	of	fertilizer	nutrients.	Sometimes	changing	

planting dates or switching to a new crop creates a 

the Abcs of nutrIent MAnAGeMent 
a. Build up and maintain high soil organic matter levels.

b. Test manures and credit their nutrient content 

before applying fertilizers or other amendments.

c. Incorporate manures into the soil quickly, if  

possible, to reduce N volatilization and potential 

loss of nutrients in runoff.

d. Test soils regularly to determine the nutrient  

status and whether or not manures, fertilizers,  

or lime is needed.

e. Balance nutrient inflows and removals to maintain 

optimal levels and allow a little “drawdown” if 

nutrient levels get too high.

f. Enhance soil structure and reduce field runoff  

by minimizing soil compaction damage.

g. Use forage legumes or legume cover crops to 

provide N to following crops and develop good  

soil tilth.

h. Use cover crops to tie up nutrients in the off 

season, enhance soil structure, reduce runoff  

and erosion, and provide microbes with fresh 

organic matter.

i. Maintain soil pH in the optimal range for the  

most sensitive crops in your rotation.

j. When P and K are very deficient, broadcast some 

of the fertilizer to increase the general soil fertility 

level, and band apply some as well.

k. To get the most efficient use of a fertilizer when P 

and K levels are in the medium range, consider band 

application at planting, especially in cool climates.
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better match between the timing of nutrient avail-

ability and crop needs.

•		 Tap local nutrient sources by seeking local 

sources of organic materials, such as leaves or grass 

clippings from towns, aquatic weeds harvested from 

lakes, produce waste from markets and restaurants, 

food processing wastes, and clean sewage sludges (see 

discussion	on	sewage	sludge	in	chapter	9).	Although	

some of these do not contribute to true nutrient 

cycles, the removal of agriculturally usable nutrients 

from the “waste stream” makes sense and helps de-

velop	more	environmentally	sound	nutrient	flows.

•		 Promote consumption of locally produced 

foods by supporting local markets as well as return-

ing local food wastes to farmland. When people 

purchase locally produced foods, there are more 

possibilities for true nutrient cycling to occur. Some 

community-supported	agriculture	(CSA)	farms,	

where subscriptions for produce are paid before 

the start of the growing season, encourage their 

members to return produce waste to the farm for 

composting, completing a true cycle.

•		 Reduce exports of nutrients in farm products 

by adding animal enterprises to crop farms. The best 

way to reduce nutrient exports per acre, as well as to 

make more use of forage legumes in rotations, is to 

add an animal (especially a ruminant) enterprise to a 

crop	farm.	Compared	with	selling	crops,	feeding	crops	

to animals and exporting animal products result in 

far	fewer	nutrients	leaving	the	farm.	(Keep	in	mind	

that, on the other hand, raising animals with mainly 

purchased feed overloads a farm with nutrients.)

•		 Bring animal densities in line with the land 

base of the farm. This can be accomplished by 

renting or purchasing more land—to grow a higher 

percentage of animal feeds and for manure applica-

tion—or by limiting animal numbers.

Essential Nutrients for Plants

Element Common 
Available Form

Source

Needed in large amounts

Carbon CO2 atmosphere

Oxygen O2, H2O atmosphere and soil pores

Hydrogen H2O water in soil pores

Nitrogen NO3
–, NH4

+ soil

Phosphorus H2PO4
–, HPO4

–2 soil

Potassium K+ soil

Calcium Ca+2 soil

Magnesium Mg+2 soil

Sulfur SO4
–2 soil

Needed in small amounts

Iron Fe+2, Fe+3 soil

Manganese Mn+2 soil

Copper Cu+, Cu+2 soil

Zinc Zn+2 soil

Boron H3BO3 soil

Molybdenum MoO4
–2 soil

Chlorine Cl– soil

Cobalt Co+2 soil

Nickel Ni+2 soil

Notes: 
1. Sodium (Na) is considered an essential element for some plants.
2. Although selenium (Se) is not considered an essential element for 
plants, it is essential for animals and so the Se content of plants is 
important for animal nutrition. On the other hand, plants growing on 
high-Se soils (such as locoweed, asters, and saltbushes) accumulate 
enough Se to become toxic to grazing animals.
3. Silica (Si) is considered essential for the normal growth and health of rice.

nutrIent MAnAGeMent GoALs
•  Satisfy crop nutrient requirements for yield and quality.
•  Minimize pest pressure caused by excess N fertilizer 

or deficiency of nutrients.
•  Minimize the environmental and economic costs of 

supplying nutrients.
•  Use local sources of nutrients whenever possible.
•  Get full nutrient value from fertility sources. 

—MODIFIED FROM OMAFRA (1997)
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•		 Develop local partnerships to balance flows 

among different types of farms. As pointed out 

in	chapter	9	when	we	discussed	organic	matter	man-

agement, sometimes neighboring farmers cooperate 

with both nutrient management and crop rotations. 

This	is	especially	beneficial	when	a	livestock	farmer	

has too many animals and imports a high percentage 

of feed and a neighboring vegetable or grain farm 

has a need for nutrients and an inadequate land base 

for allowing a rotation that includes a forage legume. 

By cooperating on nutrient management and rota-

tions, both farms win, sometimes in ways that were 

not	anticipated	(see	“Win-Win	Cooperation”		box).	

Encouragement and coordination from an exten-

sion agent may help neighboring farmers work out 

cooperative agreements. It is more of a challenge as 

the distances become greater.

Some livestock farms that are overloaded with 

nutrients	are	finding	that	composting	is	an	attractive	

alternative way to handle manure. During the compost-

ing process, volume and weight are greatly reduced 

(see	chapter	13),	resulting	in	less	material	to	trans-

port. Organic farmers are always on the lookout for 

reasonably priced animal manures and composts. The 

landscape industry also uses a fair amount of compost. 

Local or regional compost exchanges can help remove 

nutrients from overburdened animal operations and 

place	them	on	nutrient-deficient	soils.

USINg FERTIlIZERS AND AMENDMENTS
There are four main questions when applying nutrients:

•		 How	much	is	needed?

•		 What	source(s)	should	be	used?

•		 When	should	the	fertilizer	or	amendment	be	applied?

•		 How	should	the	fertilizer	or	amendment	be	applied?

Chapter	21	details	the	use	of	soil	tests	to	help	you	

decide how much fertilizer or organic nutrient sources 

to apply. Here we will go over how to approach the other 

three issues.

Nutrient Sources: Commercial Fertilizers vs.  
Organic Materials
There are numerous fertilizers and amendments that 

are normally used in agriculture (some are listed in 

table	18.1).	Fertilizers	such	as	urea,	triple	superphos-

phate, and muriate of potash (potassium chloride) are 

convenient to store and use. They are also easy to blend 

strAteGIes for IMProvInG  
nutrIent cYcLes
•  Reduce unintended losses.

•  Enhance nutrient uptake efficiency. 

•  Tap local nutrient sources.

•  Promote consumption of locally produced foods.

•  Reduce exports of nutrients in farm products. 

•  Bring animal densities in line with the land base of 

the farm.

•  Develop local partnerships to balance flows among 

different types of farms.

WIn-WIn cooPerAtIon
Cooperation between Maine potato farmers and their dairy farm neighbors has led to better soil and crop quality for both 

types of farms. As potato farmer John Dorman explains, after cooperating with a dairy farm on rotations and manure manage-

ment, soil health “has really changed more in a few years than I’d have thought possible.” Dairy farmer Bob Fogler feels that 

the cooperation with the potato farmer allowed his family to expand the dairy herd. He notes, “We see fewer pests and 

better-quality corn. Our forage quality has improved. It’s hard to put a value on it, but forage quality means more milk.”

—FROM HOARD’S DAIRYMAN, APRIL 10, 1999
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to	meet	nutrient	needs	in	specific	fields	and	provide	

predictable effects. Their behavior in soils and the ready 

availability of the nutrients are well established. The 

timing, rate, and uniformity of nutrient application 

are easy to control when using commercial fertilizers. 

However, there also are drawbacks to using commercial 

fertilizers. All of the commonly used N materials (those 

containing urea, ammonia, and ammonium) are acid 

forming, and their use in humid regions, where native 

lime has been weathered out, requires more frequent 

lime additions. The production of nitrogen fertilizers 

is also very energy intensive—it’s estimated that N 

fertilizers	account	for	25%	to	30%	of	the	energy	that	

goes into growing a corn crop. Also, the high nutrient 

solubility can result in salt damage to seedlings when 

excess fertilizer is applied close to seeds or plants. 

Because nutrients in commercial fertilizers are readily 

available, under some circumstances more may leach to 

groundwater than when using organic nutrient sources 

when both are used properly. For example, high rainfall 

events on a sandy soil soon after ammonium nitrate fer-

tilizer application will probably cause more nitrate loss 

than if compost had been applied. (On the other hand, 

high rainfall events on a recently plowed-down alfalfa 

Table 18.1
Composition of Various Common Amendments and Commercial Fertilizers (%)

N P2O5 K2O ca Mg S cl
N Materials
Anhydrous ammonia 82
Aqua ammonia 20
Ammonium nitrate 34
Ammonium sulfate 21 24
Calcium nitrate 16 19 1
Urea 46
UAN solutions (urea + ammonium nitrate) 28–32
P and N+P Materials
Superphosphate (ordinary) 20 20 12
Triple superphosphate 46 14 1
Diammonium phosphate (DAP) 18 46
Monoammonium phosphate (MAP) 11–13 48–52
K Materials
Potassium chloride (muriate of potash) 60 47
Potassium–magnesium sulfate (“sul-po-mag”) 22 11 23 2
Potassium sulfate 50 1 18 2
Other Materials
Gypsum 23 18
Limestone, calcitic 25–40 0.5–3
Limestone, dolomitic 19–22 6–13 1
Magnesium sulfate 2 11 14
Potassium nitrate 13 44
Sulfur 30–99
Wood ashes 2 6 23 2
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field	may	also	result	in	significant	nitrate	leaching	below	

the zone that roots can reach.) Sediments lost by erosion 

from	fields	fertilized	with	commercial	fertilizers	probably	

will contain more available nutrients than those from 

fields	fertilized	with	organic	sources,	resulting	in	more	

severe water pollution. Of course, soils overloaded with 

either inorganic or organic sources of nutrients can be 

large sources of pollution. The key to wisely using either 

commercial fertilizers or organic sources is not applying 

more nutrients than the crop can use and applying in 

ways that minimize losses to the environment.

Organic sources of nutrients have many other good 

qualities,	too.	Compared	to	commercial	fertilizers	that	

only “feed the plants,” organic materials also “feed 

the soil.” They are also sources of soil organic matter, 

providing food for soil organisms that aid in forming 

aggregates and humus. Organic sources can provide a 

more slow-release source of fertility, and the N avail-

ability is frequently more evenly matched to the needs of 

growing plants. Sources like manures or crop residues 

commonly contain all the needed nutrients, including the 

micronutrients, but they may not be present in the proper 

proportion for a particular soil and crop; thus, routine 

soil testing is important. Poultry manure, for example, 

has about the same levels of N and P, but plants take up 

three	to	five	times	more	N	than	P.	During	the	composting	

process a lot of N is commonly lost, making the compost 

much richer in P relative to N. Thus, applying a large 

quantity of compost to a soil might supply a crop’s N 

needs but serve to enrich the soil in unneeded P, creating 

a greater pollution potential.

One of the drawbacks to organic materials is the 

variable amounts and uncertain timing of nutrient 

release for plants to use. The value of manure as a nutri-

ent source depends on the type of animal, its diet, and 

how the manure is handled. For cover crops, the N con-

tribution depends on the species, the amount of growth 

in the spring, and the weather. Also, manures typically 

do orGAnIc nutrIent sources reduce envIronMentAL IMPActs? It dePends!
It is commonly assumed that the use of organic nutrient sources always results in lower environmental impacts. This is 

generally true, but only if good management practices are followed. For example, in temperate climates a plowed alfalfa sod 

releases a lot of organic nitrogen that can easily meet all the needs of the following corn crop. But if the plowing is done too 

early—for example, in the early fall—much of the organic N is mineralized in the following months when the soil is still warm 

and then lost through leaching or denitrification over the winter and spring. A study in Sweden compared conventional and 

organic crop production and found similar nitrate leaching losses. Organic sources like manure may create a problem with 

nutrient runoff if left on the surface, or with leaching when applied in the fall. So, even when using organic nutrient sources, 

good agronomic management and careful consideration of environmental impacts are essential.

orGAnIc fArMInG vs. orGAnIc  
nutrIent sources
We’ve used the term “organic sources” of nutrients to 

refer to nutrients contained in crop residues, manures, 

and composts. These types of materials are used by all 

farmers—“conventional” and “organic.” Both also use 

limestone and a few other materials. However, most 

of the commercial fertilizers listed in table 18.1 are not 

allowed in organic production. In place of sources such 

as urea, anhydrous ammonia, diammonium phosphate, 

concentrated superphosphate, and muriate of potash, 

organic farmers use products that come directly from 

minerals, such as greensand, granite dust, and rock 

phosphate. Other organic products come from parts 

of organisms, such as bone meal, fish meal, soybean 

meal, and bloodmeal (see table 18.2).
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are bulky and may contain a high percentage of water—

so considerable work is needed to apply them per unit 

of nutrients. The timing of nutrient release is uncertain, 

because it depends both on the type of organic materials 

used and on the action of soil organisms. Their activi-

ties change with temperature and rainfall. Finally, the 

relative nutrient concentrations for a particular manure 

used may not match soil needs. For example, manures 

may contain high amounts of both N and P when your 

soil already has high P levels.

Selection of Commercial Fertilizer Sources
It is recommended to include organic fertilizer sources 

as part of a nutrient management program to sustain 

soil health, but on many farms additional commercial 

fertilizers are still needed to achieve good yields. On the 

global scale, until better practices (use of cover crops, 

better rotations, decreased tillage, and integrating ani-

mal and plant agriculture, etc.) are used on farms, com-

mercial fertilizers are still needed to meet the demands 

of our growing population. There are numerous forms of 

commercial	fertilizers,	many	given	in	table	18.1.	When	

you buy fertilizers in large quantities, you usually choose 

the cheapest source. When you buy bulk blended fertil-

izer, you usually don’t know what sources were used 

unless	you	ask.	All	you	know	is	that	it’s	a	10-20-20	or	a	

20-10-10	(both	referring	to	the	percent	of	available	N,	

P2O5,	and	K2O) or another blend. However, below are a 

number of examples of situations in which you might 

not want to apply the cheapest source:

•		 Although	the	cheapest	N	form	is	anhydrous	am-

monia, the problems with injecting it into a soil with 

many large stones or the losses that might occur if 

you inject it into very moist clay may call for other N 

sources to be used instead.

•		 If	both	N	and	P	are	needed,	diammonium	phosphate	

(DAP) is a good choice because it has approximately 

the same cost and P content as concentrated super-

phosphate	and	also	contains	18%	N.

•		 Although	muriate	of	potash	(potassium	chloride)	is	

the	cheapest	K	source,	it	may	not	be	the	best	choice	

under certain circumstances. If you also need mag-

nesium	and	don’t	need	to	lime	the	field,	potassium–

magnesium sulfate would be a better choice.

Method and Timing of Application
The timing of fertilizer application is frequently related 

to the application method chosen, so in this section we’ll 

go over both practices together.

Broadcast application, in which fertilizer is 

evenly	distributed	over	the	whole	field	and	then	usually	

Table 18.2
Products Used by Organic Growers to Supply Nutrients

%N %P2O5 %K2O

Alfalfa pellets 2.7 0.5 2.8

Blood meal 13.0 2.0 —

Bone meal 3.0 20.0 0.5

Cocoa shells 1.0 1.0 3.0

Colloidal phosphate — 18.0 —

Compost 1.0 0.4 3.0

Cottonseed meal 6.0 2.0 2.0

Fish scraps, dried & ground 9.0 7.0 —

Granite dust — — 5.0

Greensand — — 7.0

Hoof & horn meal 11.0 2.0 —

Linseed meal 5.0 2.0 1.0

Rock phosphate — 30.0 —

Seaweed, ground 1.0 0.2 2.0

Soybean meal 6.0 1.4 4.0

Tankage 6.5 14.5 —

Notes: 
1. Values of P2O5 and K2O represent total nutrients present. For fertilizers listed in 
table 18.1, the numbers are the amount that are readily available.
2. Organic growers also use potassium–magnesium sulfate (“sul-po-mag” or 
“K-mag”), wood ashes, limestone, and gypsum (listed in table 18.1). Although 
some use only manure that has been composted, others will use aged manures 
(see chapter 12). There are also a number of commercial organic products with a 
variety of trade names.
Source: R. Parnes (1990).
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incorporated during tillage, is best used to increase 

the nutrient level of the bulk of the soil. It is especially 

useful	to	build	P	and	K	when	they	are	very	deficient.	

Broadcasting with incorporation is usually done in the 

fall or in spring just before tillage. Broadcasting on top 

of a growing crop, called topdressing, is commonly used 

to apply N, especially to crops that occupy the entire soil 

surface, such as wheat or a grass hay crop. (Amendments 

used in large quantities, like lime and gypsum, are also 

broadcast prior to incorporation into the soil.)

There are various methods of applying localized 

placement of fertilizer. Banding small amounts of 

fertilizer to the side and below the seed at planting is a 

common application method. It is especially useful for 

row crops grown in cool soil conditions—early in the 

season, for example—on soils with high amounts of sur-

face residues, with no-till management, or on wet soils 

that are slow to warm in the spring. It is also useful for 

soils that test low to medium (or even higher) in P and 

K.	Band	placement	of	fertilizer	near	the	seed	at	planting,	

usually called starter fertilizer, may be a good idea even 

in warmer climates when planting early. It still might be 

cool enough to slow root growth and release of nutrients 

from organic matter. Including N as part of the starter 

fertilizer appears to help roots use fertilizer P more 

efficiently,	perhaps	because	N	stimulates	root	growth.	

Starter fertilizer for soils very low in fertility frequently 

contains other nutrients, such as sulfur, zinc, boron,  

or manganese.

Splitting N applications is a good management 

practice—especially on sandy soils, where nitrate is easily 

lost by leaching, or on heavy loams and clays, where it 

can	be	lost	by	denitrification.	Some	N	is	applied	before	

planting or in the band as starter fertilizer, and the rest 

is applied as a sidedress or topdress during the growing 

season. Although unusual, sometimes split applications of 

K	are	recommended	for	very	sandy	soils	with	low	organic	

matter, especially if there has been enough rainfall to 

cause	K	to	leach	into	the	subsoil.	Unfortunately,	relying	

on sidedressing N can increase the risk of reduced yields 

croP vALue, fertILIzer costs, And fertILIzer rAtes
The cost of N fertilizer is directly tied to energy costs, because so much energy is used for its manufacture and transport. The 
costs of other fertilizers are less sensitive to fluctuating energy prices but have been increasing, nevertheless. Use of fertilizers 
has increased worldwide, and dwindling global reserves combined with the increase in fuel and other input costs to manufac-
ture them have recently led to large price increases.

Most agronomic crops grown on large acreages are worth around $400 to $1,000 per acre, and the fertilizer used may repre-
sent 30% to 40% of out-of-pocket growing costs. So, if you use 100 pounds of N you don’t need, that’s perhaps around $65/
acre and may represent 10% or more of your gross income. Some years ago, one of the authors of this book worked with two 
brothers who operated a dairy farm in northern Vermont that had high soil test levels of N, P, and K. Despite his recommenda-
tion that no fertilizer was needed, the normal practice was followed, and N, P, and K fertilizer worth $70 per acre (in 1980s 
prices) was applied to their 200 acres of corn. The yields on 40-foot-wide, no-fertilizer strips that they left in each field were 
the same as where fertilizer had been applied, so the $14,000 they spent for fertilizer was wasted. 

When growing fruit or vegetable crops—worth thousands of dollars per acre—fertilizers represent about 1% of the value of 
the crop and 2% of the costs. But when growing specialty crops (medicinal herbs, certain organic vegetables for direct market-
ing) worth over $10,000 per acre, the cost of fertilizer is dwarfed by other costs, such as hand labor. A waste of $65/acre in 
unneeded nutrients for these crops would cause a minimal economic penalty—assuming you maintain a reasonable balance 
between nutrients—but there may also be environmental reasons against applying too much fertilizer.
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if the weather is too wet to apply the fertilizer (and you 

haven’t put on enough preplant or as starter) or too dry 

following an application for the fertilizer to come into 

contact with roots. Then the fertilizer stays on the surface 

instead of washing into the root zone.

Once the soil nutrient status is optimal, try to bal-

ance	farm	nutrient	inflows	and	outflows.	When	nutrient	

levels, especially P, are in the high or very high range, 

stop application and try to maintain or “draw down” 

soil test levels. It usually takes years of cropping without 

adding P to lower soil test P appreciably.

Tillage and Fertility Management: To Incorporate or Not?
With systems that provide some tillage, such as mold-

board plow and harrow, disk harrow alone, chisel plow, 

zone-till, and ridge-till, it is possible to incorporate fer-

tilizers and amendments. However, when using no-till 

production systems, it is not possible to mix materials 

into the soil to uniformly raise the fertility level in that 

portion of the soil where roots are especially active.

The advantages of incorporating fertilizers and 

amendments	are	numerous.	Significant	quantities	of	

ammonia may be lost by volatilization when the most 

commonly used solid N fertilizer, urea, is left on the soil 

surface. Also, nutrients remaining on the surface after 

application are much more likely to be lost in runoff 

during rain events. Although the amount of runoff is 

usually lower with reduced tillage systems than with 

conventional tillage, the concentration of nutrients in 

the runoff may be quite a bit higher.

If you are thinking about changing from conven-

tional tillage to no-till or other forms of reduced tillage, 

you might consider incorporating needed lime, phos-

phate, and potash, as well as manures and other organic 

residues, before making the switch. It’s the last chance to 

easily	change	the	fertility	of	the	top	8	or	9	inches	of	soil.
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fertILIzer GrAde: oxIde vs. eLeMentAL forMs?
When talking or reading about fertilizer P or K, the oxide form is usually assumed. This is used in all recommendations and when 

you buy fertilizer. The terms “phosphate” (P2O5) and “potash” (K2O) have been used for so long to refer to phosphorus and potas-

sium in fertilizers, it is likely that they will be with us indefinitely—even if they are confusing. When you apply 100 pounds of 

potash per acre, you actually apply 100 pounds of K2O—the equivalent of 83 pounds of elemental potassium. Of course, you’re 

really using not K2O but rather something like muriate of potash (KCl). A similar thing is true of phosphate—100 pounds of P2O5 

per acre is the same as 44 pounds of P—and you’re really using fertilizers like concentrated superphosphate (that contains a form 

of calcium phosphate) or ammonium phosphate.  However, in your day-to-day dealing with fertilizers you need to think in terms 

of nitrogen, phosphate, and potash and don’t worry about the actual amount of elemental P or K you purchase or apply. 

soIL tests
Soil tests, one of the key nutrient management tools, 
are discussed in detail in chapter 21. 
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Chapter 19

ManageMent oF nitrogen and PhosPhorus

. . . an economical use of fertilizers requires that they merely supplement the natural supply in the soil, 

and that the latter should furnish the larger part of the soil material used by the crop.

—t.l. lyon and e.o. FiPPin, 1909

Both nitrogen and phosphorus are needed by plants 

in large amounts, and both can cause environmen-

tal harm when present in excess. They are discussed 

together in this chapter because we don’t want to do a 

good job of managing one and, at the same time, do a 

poor job with the other. Nitrogen losses are a serious 

economic concern for farmers; if not managed prop-

erly, a large fraction (as much as half in some cases) of 

applied N fertilizer can be lost instead of used by crops. 

Environmental concerns with N include the leaching 

of soil nitrate to groundwater; excess N in runoff; and 

losses of nitrous oxide, a potent greenhouse gas. For P, 

the main concerns are losses to freshwater bodies.

High-nitrate groundwater is a health hazard to 

infants and young animals because it decreases the 

blood’s ability to transport oxygen. In addition, nitrate 

stimulates the growth of algae and aquatic plants just 

as it stimulates the growth of agricultural plants. The 

growth of plants in many brackish estuaries and salt-

water environments is believed to be limited by a lack 

of N. So, when nitrate leaches through soil, or runs off 

the surface and is discharged into streams, eventually 

reaching water bodies like the Gulf of Mexico or the 

Chesapeake	Bay,	undesirable	microorganisms	flourish.	

In addition, the algal blooms that result from excess 

N and P cloud water, blocking sunlight to important 

underwater grasses that are home to numerous species 

of	young	fish,	crabs,	and	other	bottom	dwellers.	The	

greatest concern, however, is the dieback of the algae 

and other aquatic plants. These plants settle on the bot-

tom of the affected estuaries, and their decomposition 

consumes dissolved oxygen in the water. The result is 

an extended area of very low oxygen concentrations in 

which	fish	and	other	aquatic	animals	cannot	live.	This	is	

a serious concern in many estuaries around the world.

Denitrification	is	a	microbial	process	that	occurs	

primarily in surface layers when soils are saturated with 

water. Soil bacteria convert nitrate to both nitrous oxide 

(N2O) and N2. While N2 (two atoms of nitrogen bonded 

together) is the most abundant gas in the atmosphere 
Photo by Dennis Nolan
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and not of environmental concern, each molecule of 

N2O	gas—largely	generated	by	denitrification,	with	some	

contribution	from	nitrification—has	approximately	300	

times more global warming impact than a molecule of 

carbon dioxide. 

Phosphorus losses from farms are generally small in 

relation to the amounts present in soils. However, small 

quantities of P loss have great impacts on water quality 

because P is the nutrient that appears to limit the growth 

of freshwater aquatic weeds and algae. Phosphorus 

damages the environment when excess amounts are 

added to a lake from human activities (agriculture, rural 

home septic tanks, or urban sewage and street runoff). 

This increases algae growth (eutrophication), making 

fishing,	swimming,	and	boating	unpleasant	or	difficult.	

When excess aquatic organisms die, decomposition 

removes	oxygen	from	water	and	leads	to	fish	kills.

All farms should work to have the best N and P 

management possible—for economic as well as environ-

mental reasons. This is especially important near bodies 

of water that are susceptible to accelerated weed or algae 

growth. However, don’t forget that nutrients from farms 

in the Midwest are contributing to problems in the Gulf 

of	Mexico—over	1,000	miles	away.

There are major differences between the way N and 

P	behave	in	soils	(figure	19.1,	table	19.1).	Both	N	and	P	

can, of course, be supplied in applied fertilizers. But aside 

from legumes that can produce their own N because of 

the bacteria living in root nodules, crop plants get their 

N from decomposing organic matter. On the other hand, 

plants get their P from both organic matter and soil min-

erals. Nitrate, the primary form in which plants absorb 

nitrogen from the soil, is very mobile in soils, while P 

movement in soils is very limited.

Most unintentional N loss from soils occurs when 

nitrate leaches or is converted into gases by the process 

of	denitrification,	or	when	surface	ammonium	is	volatil-

ized. Large amounts of nitrate may leach from sandy 

soils,	while	denitrification	is	generally	more	significant	

in heavy loams and clays. On the other hand, most unin-

tended P loss from soils is carried away in runoff or sedi-

ments	eroded	from	fields,	construction	sites,	and	other	

exposed	soil	(see	figure	19.1	for	a	comparison	between	

relative pathways for N and P losses). Phosphorus leach-

ing	is	a	concern	in	fields	that	are	artificially	drained.	

With many years of excessive manure or compost appli-

cation, soils saturated with P (often sands with low P 

sorption capacity) can start leaking P with the percolat-

ing water and discharge it through drain lines or ditches. 

leaching

NITROGEN
vs.

PHOSPHORUS

runoff and
erosion

volatilization and
denitrification crop uptake

N
organic

NO
3
-, NH

4
+

leaching

runoff and
erosion

crop
uptake

P
organic

& mineral

Figure 19.1. Different pathways for nitrogen and phosphorus losses 
from soils (relative amounts indicated by width of arrows). Based on an 
unpublished diagram by D. Beegle, Penn State University.
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Also,	liquid	manure	can	move	through	preferential	flow	

paths (wormholes, root holes, cracks, etc., especially in 

clay soils) directly to subsurface drain lines and con-

taminate water in ditches, which is then discharged into 

streams	and	lakes	(see	also	chapter	17).

Except	when	coming	from	highly	manured	fields,	P	

losses—mainly as dissolved P in the runoff waters—from 

healthy grasslands are usually quite low, because both 

runoff water and sediment loss are very low. Biological N 

fixation	carried	on	in	the	roots	of	legumes	and	by	some	

free-living bacteria actually adds new N to soil, but there 

is no equivalent reaction for P or any other nutrient.

Improving N and P management can help reduce 

reliance on commercial fertilizers. A more ecologically 

based system—with good rotations, reduced tillage, and 

more active organic matter—should provide a large pro-

portion of crop N and P needs. Better soil structure and 

attention to use of appropriate cover crops can lessen 

loss	of	N	and	P	by	reducing	leaching,	denitrification,	

and/or runoff. Reducing the loss of these nutrients is an 

economic	benefit	to	the	farm	and,	at	the	same	time,	an	

environmental	benefit	to	society.	The	greater	N	avail-

ability	may	be	thought	of	as	a	fringe	benefit	of	a	farm	

with an ecologically based cropping system.

In addition, the manufacture, transportation, and 

application of N fertilizers are very energy intensive. Of 

all the energy used to produce corn (including the man-

ufacture	and	operation	of	field	equipment),	the	manu-

facture and application of N fertilizer represents close 

to	30%.	Although	energy	was	relatively	inexpensive	

for	many	years,	its	cost	has	fluctuated	greatly	in	recent	

years, as has the cost of fertilizers, and is expected to 

be relatively high for the foreseeable future. So relying 

more	on	biological	fixation	of	N	and	efficient	cycling	in	

soils reduces depletion of a nonrenewable resource and 

may save you money as well. Although P fertilizers are 

less energy consuming to produce, a reduction in their 

use helps preserve this nonrenewable resource—the 

world’s	P	mines	are	expected	to	run	out	in	the	next	fifty	

to one hundred years.

ProbLeMs usInG excess n fertILIzer

There are quite a few reasons you should not apply more N than needed by crops. N fertilizers are now quite expensive, and 

many farmers are being more judicious than when N was relatively cheap. However, there are other problems associated with 

using more N than needed: (1) ground and surface water become polluted with nitrates; (2) more N2O (a potent greenhouse 

gas and source of ozone depletion) is produced during denitrification in soil; (3) a lot of energy is consumed in producing N, so 

wasting N is the same as wasting energy; (4) using higher N than needed is associated with acceleration of decomposition and 

loss of soil organic matter; and (5) very high rates of N are frequently associated with high levels of insect damage. 

Table 19.1 
Comparing Soil N and P

Nitrogen Phosphorus

Nitrogen becomes available from 
decomposing soil organic matter. 

Phosphorus becomes available 
from decomposing soil organic 
matter and minerals. 

N is mostly available to plants 
as nitrate (NO3

–)—a form that is 
very mobile in soils

P is available mainly as dissolved 
phosphate in soil water—but 
little is present in solution even in 
fertile soils, and it is not mobile. 

Nitrate can be easily lost in 
large quantities by leaching to 
groundwater or by conversion to 
gases (N2, N2O).

P is mainly lost from soils by 
runoff and erosion. However, 
liquid manure application on 
well-structured soils and those 
with tile drainage has resulted in 
P loss to drainage water.

Nitrogen can be added to soils by 
biological N fixation (legumes).

No equivalent reaction can add 
new P to soil, although many 
bacteria and some fungi help 
make P more available to plants.
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MANAgEMENT OF N AND P
Nitrogen and phosphorus behave very differently in 

soils, but many of the management strategies are actu-

ally the same or very similar. They include the following:

1.		 Take	all	nutrient	sources	into	account.

•		 Estimate	nutrient	availability	from	all	sources.

•		 Use	soil	tests	to	assess	available	nutrients.

•		 Use	manure	and	compost	tests	to	determine	 

nutrient contributions.

•		 Consider	nutrients	in	decomposing	crop	residues	

(for N only).

2.  Reduce losses and enhance uptake.

•		 Use	nutrient	sources	more	efficiently.

•		 Use	localized	placement	of	fertilizers	whenever	

possible.

•		 Split	fertilizer	application	if	leaching	or	denitrifi-

cation losses are a potential problem (for N only).

•		 Apply	nutrients	when	leaching	or	runoff	threats	

are minimal.

•		 Reduce	tillage.

•		 Use	cover	crops.

•		 Include	perennial	forage	crops	in	rotation.

3. Balance farm imports and exports once crop needs 

are being met.

Estimating Nutrient Availability
Good N and P management practices 

take into account the large amount of 

plant-available nutrients that come from 

the soil, especially soil organic matter 

and any additional organic sources like 

manure, compost, or a rotation or cover 

crop. Fertilizer should be used only to 

supplement the soil’s supply in order to 

provide	full	plant	nutrition	(figure	19.2).	

Organic farmers try to meet all demands 

through these soil sources, as additional 

organic fertilizers are generally very 

expensive. On crop-livestock farms these soil organic N 

and	P	sources	are	typically	sufficient	to	meet	the	crop’s	

demand, but not always.

Since most plant-available P in soils is relatively 

strongly adsorbed by organic matter and clay minerals, 

estimating P availability is routinely done by soil tests. 

The amount of P extracted by chemical soil solutions can 

be compared with results from crop response experi-

ments and can provide good estimates of the likelihood 

of a response to P fertilizer additions, which we discuss 

in	chapter	21.

Estimating N fertilizer needs is more complex, and 

soil tests generally cannot provide all the answers. The 

primary reason is that the amounts of plant-available 

N—mostly	nitrate—can	fluctuate	rapidly	as	organic	

matter is mineralized and N is lost through leaching or 

denitrification.	These	processes	are	greatly	dependent	

on soil organic matter contents, additional N contribu-

tions from organic amendments, and weather-related 

factors like soil temperature (higher temps increase N 

mineralization) and soil wetness (saturated soils cause 

large	denitrification	losses,	especially	when	soils	are	

warm). Mineral forms of N begin to accumulate in soil 

soil mineral N, 
normal year 

period of significant
leaching and denitrification

spring

total amount 
of mineral 
N available
during the 

season

summer 

soil mineral N,
wet spring

fall

Figure 19.2. Available N in soil depends on recent weather. After increasing for a period, mineral N 
decreases during a wet spring because leaching and denitrification losses are greater than N being 
converted to mineral forms. More mineral N is available for plants when the spring is drier. 
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in	the	spring	but	may	be	lost	by	leaching	and	denitrifica-

tion	during	a	very	wet	period	(figure	19.2).	When	corn	

germinates in the spring, it takes a while until it begins 

to	grow	rapidly	and	take	up	a	lot	of	N	(figure	19.3).	

Weather affects the required amount of supplemental 

N in two primary ways. In years with unusually wet 

weather in the spring, an extra amount of sidedress N 

may be needed to compensate for relatively high mineral 

N	loss	from	soil	(figure	19.3).	However,	in	dry	years—

especially drought spells during the critical pollination 

period—corn yield will be reduced, and the N uptake and 

needed N fertilizer are therefore lower (not shown in 

figure	19.3).	However,	you	really	don’t	know	at	normal	

sidedress time whether there will be a drought during 

pollination, so there is no way to adjust for that. The 

actual amount of required N depends on the complex 

and dynamic interplay of crop growth patterns with 

weather	events,	which	is	difficult	to	predict.	In	fact,	opti-

mum N fertilizer rates for corn without organic amend-

ments in the U.S. corn belt may vary from as little as 0 

pounds per acre in one year to as much as 250 pounds 

per acre in another year. Those are the 

extremes, but, nevertheless, it is a great 

challenge to determine the optimum 

economic N rate.

Fixed and Adaptive Methods for  
Estimating Crop N Needs
Several general approaches are used 

to estimate crop N needs, and they can 

be	grouped	into	fixed	and	weather-

adaptive approaches. Fixed approaches 

assume that the N fertilizer needs do 

not vary from one season to another 

based on weather conditions but may 

vary because of the previous crop. They 

are useful for planning purposes and 

work well in dryer climates, but they are 

very imprecise in a humid climate.

The mass-balance approach,	a	fixed	approach,	is	

the most commonly used method for estimating N fertil-

izer recommendations. It is generally based on a yield 

goal and associated N uptake, minus credits given for 

non-fertilizer N sources such as mineralized N from soil 

organic matter, preceding crops, and organic amendments. 

However, recent studies have shown that the relation-

ship between yield and optimum N rate is very weak for 

humid regions. While higher yields do require more N, the 

weather	pattern	that	produces	higher	yields	means	(1)	that	

larger and healthier root systems can take up more N, and 

(2) that frequently the weather pattern stimulates the pres-

ence of higher levels of nitrate in the soil.

Several leading U.S. corn-producing states have 

adopted the maximum return to N (MRTN) 

approach, another	fixed	approach,	which	largely	aban-

dons the mass-balance method. It provides generalized 

recommendations	based	on	extensive	field	trials,	model-

fitting,	and	economic	analyses.	It	is	only	available	for	

corn at this time. The rate with the largest average net 

return to the farmer over multiple years is the MRTN, 

soil mineral N, 
normal year 

period of significant
leaching and denitrification 

spring summer 

soil mineral N,
wet spring

fall

soil or
plant N 

sidedress
N

fertilizer
needed   

normal year

plant N

Figure 19.3. Need for supplemental N fertilizer depends on early-season weather. 
Note: The amount of mineral N in soil will actually decrease (not shown) as plants begin to  
grow rapidly and take up large quantities of N faster than new N is converted to mineral forms. 
Soil N shown in figure 19.2 and here is the total amount made available by the soil during the 
growing season.
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and the recommendations vary with grain and fertilizer 

prices. Adjustments based on realistic yield expectation 

are sometimes encouraged. The MRTN recommenda-

tions	are	based	on	comprehensive	field	information,	

but owing to generalizing over large areas and for many 

seasons, it does not account for the soil and weather fac-

tors that affect N availability.

The adaptive approaches, described in the follow-

ing paragraphs, attempt to take into account seasonal 

weather, soil type, and management effects and require 

some type of measurement or model estimate during the 

growing season.

The pre-sidedress nitrate test (PSNT) measures 

soil	nitrate	content	in	the	surface	layer	of	0	to	12	inches	

and allows for adaptive sidedress or topdress N applica-

tions. It implicitly incorporates information on early-

season	weather	conditions	(figure	19.2)	and	is	especially	

successful	in	identifying	N-sufficient	sites—those	that	

do not need additional N fertilizer. It requires a special 

sampling effort during a short time window in late spring, 

and it is sensitive to timing and mineralization rates dur-

ing the early spring. The PSNT is usually called the late 

spring nitrate test (LSNT) in the midwestern U.S.

The pre-plant nitrate test (PPNT) measures 

soil nitrate or soil nitrate plus ammonium in the soil 

(typically from 0 to 2 ft) early in the season to guide N 

fertilizer applications at planting. It is effectively used in 

dryer climates—like the U.S. Great Plains—where sea-

sonal gains of inorganic forms of N are more predictable 

and losses are minimal. The PPNT cannot incorporate 

the seasonal weather effects, as the samples are analyzed 

prior to the growing season, which inherently limits its 

precision compared to the PSNT.

Recent	advances	in	crop	sensing	using	reflectance	

spectroscopy allow adaptive approaches based on 

seasonal weather and local soil variation. Leaf chlo-

rophyll meters or satellite, aerial, or tractor-

mounted sensors that	measure	light	reflecting	from	

leaves are used for assessing leaf or canopy N status, 

which can then guide sidedress N applications. These 

methods generally require a reference strip of corn that 

has received high levels of N fertilizer. This approach 

has been proven effective for spring N topdressing in 

cereal production, especially of winter wheat, but so far 

there has been limited success using this with corn due 

to more complicated crop and soil N dynamics.

Environmental information systems and sim-

ulation models are now also being employed for N 

management, with successful applications for wheat and 

corn. This is an adaptive approach that takes advantage 

of increasingly sophisticated environmental databases—

like radar-based high-resolution precipitation esti-

mates—that can be used to provide input information 

for computer models. N mineralization and losses are 

simulated together with crop growth to estimate soil N 

contributions and fertilizer N needs.

Evaluation at the End of the Season
To evaluate the success of a fertility recommendation, 

farmers	sometimes	plant	field	strips	with	different	 

N rates and compare yields at the end of the season. 

The lower stalk nitrate test is also sometimes used 

to assess, after the growing season, whether corn N  

rates were approximately right or too low or too high. 

These two methods are	neither	fixed	nor	adaptive	

approaches for the current year since evaluation is  

made at the end of the season, but they may help farm-

ers make changes to their fertilizer application rates in 

following years. Adaptive management may therefore 

also include farmer-based experimentation and adjust-

ment to local conditions.

PlANNINg FOR N AND P MANAgEMENT
Although N and P behave very differently in soils, the 

general approaches to their management are similar 

(table	19.2).	The	following	considerations	are	important	

for planning management strategies for N and P:

Credit nutrients in manures, decomposing 
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sods, and other organic residues. Before apply-

ing commercial fertilizers or other off-farm nutrient 

sources, you should properly credit the various on-

farm sources of nutrients. In some cases, there is more 

than enough fertility in the on-farm sources to satisfy 

crop needs. If manure is applied before sampling soil, 

the contribution of much of the manure’s P and all its 

potassium	should	be	reflected	in	the	soil	test.	The	pre-

sidedress nitrate test can estimate the N contribution 

of	the	manure	(see	chapter	21	for	a	description	of	N	soil	

tests). The only way to really know the nutrient value of 

a particular manure is to have it tested before apply-

ing it to the soil. Many soil test labs will also analyze 

manures for their fertilizer value. (Without testing the 

manure or the soil following application, estimates can 

be made based on average manure values, such as those 

given	in	table	12.1,	p.	131.)	Because	significant	ammonia	

N losses can occur in as little as one or two days after 

manure	application,	the	way	to	derive	the	full	N	benefit	

from manure is to incorporate it as soon as possible. 

Much of the manure N made available to the crop is 

in the ammonium form, and losses occur as some is 

volatilized as ammonia gas when manures dry on the 

soil	surface.	A	significant	amount	of	the	manure’s	N	may	

also be lost when application is a long time before crop 

uptake occurs. About half of the N value of a fall manure 

application—even if incorporated—may be lost by the 

time of greatest crop need the following year.

Legumes, either as part of rotations or as cover 

crops, and well-managed grass sod crops can add N 

to	the	soil	for	use	by	the	following	crops	(table	19.3).	

Nitrogen fertilizer decisions should take into account 

the amount of N contributed by manures, decomposing 

sods,	and	cover	crops.	If	you	correctly	fill	out	the	form	

that accompanies your soil sample, the recommenda-

tion you receive may take these sources into account. 

However, not all soil testing labs do take them into 

account; most do not even ask whether you’ve used a 

cover	crop.	If	you	can’t	find	help	deciding	how	to	credit	

nutrients	in	organic	sources,	take	a	look	at	chapters	10	

(cover	crops),	11	(rotations),	and	12	(animal	manures).	

For an example of crediting the nutrient value of manure 

and cover crop, see the section “Making Adjustments to 

Fertilizer	Application	Rates,”	p.	250	in	chapter	21.

Table 19.2
Comparison of N and P Management Practices 

Nitrogen Phosphorus

Use fixed-rate approaches for planning purposes and adaptive 
approaches to achieve precision.

Test soil regularly (and follow recommendations). 

Test manures and credit their N contribution. Test manures and credit their P contribution.

Use legume forage crops in rotation and/or legume cover crops to fix 
N for following crops and properly credit legume N contribution to 
following crops.

No equivalent practice available.

Time N applications as close to crop uptake as possible. Time P application to reduce runoff potential.

Reduce tillage in order to leave residues on the surface and decrease 
runoff and erosion. 

Reduce tillage in order to leave residues on the surface and decrease 
runoff and erosion.

Use sod-type forage crops in rotation to reduce nitrate leaching and 
runoff. 

Use sod-type forage crops in rotation to reduce the amount of runoff 
and erosion losses of P.

Use grass cover crops, such as winter rye, to capture soil nitrates left over 
following the economic crop.

Use grass cover crops, such as winter rye, to protect soil against erosion.

Make sure that excessive N is not coming onto the farm (biological N 
fixation + fertilizers + feeds). 

After soil tests are in optimal range, balance farm P flow (don’t import 
much more onto the farm than is being exported).
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Relying on legumes to supply N to follow-

ing crops. Nitrogen is the only nutrient of which you 

can “grow” your own supply. High-yielding legume 

cover crops, such as hairy vetch and crimson clover, can 

supply most, if not all, of the N needed by the following 

crop. Growing a legume as a forage crop (alfalfa, alfalfa/

grass, clover, clover/grass) in rotation also can provide 

much, if not all, of the N for row crops. The N-related 

aspects of both cover crops and rotations with forages 

were	discussed	in	chapters	10	and	11.

Animals on the farm or on nearby farms? If 

you have ruminant animals on your farm or on nearby 

farms for which you can grow forage crops (and perhaps 

use the manure on your farm), there are many possibili-

ties for actually eliminating the need to use N fertilizers. 

A forage legume, such as alfalfa, red clover, or white 

clover, or a grass-legume mix can supply substantial 

N for the following crop. Frequently, nutrients are 

imported onto livestock-based farms as various feeds 

(usually grains and soybean meal mixes). This means 

that the manure from the animals will contain nutrients 

imported from outside the farm, and this reduces the 

need to purchase fertilizers.

No animals? Although land constraints don’t 

Table 19.3
Examples of Nitrogen Credits for Previous Crops*

Previous Crop N Credits (lbs/acre)

Corn and most other crops 0

Soybeans** 0–40*

Grass (low level of management) 40

Grass (intensively managed) 70

2-year stand red or white clover 70

3-year alfalfa stand (20–60% legume) 70

3-year alfalfa stand (>60% legume) 120

Hairy vetch cover crop (excellent growth) 110

*Less credit should be given for sandy soils with high amounts of leaching 
potential.
**Some labs give 30 or 40 pounds of N credit for soybeans, while others give no 
N credit. Credits can be higher in dry years (figure 19.2).

usually allow it, some vegetable farmers grow a forage 

legume for one or more years as part of a rotation, even 

when they are not planning to sell the crop or feed it 

to animals. They do so to rest the soil and to enhance 

the soil’s physical properties and nutrient status. Also, 

some cover crops, such as hairy vetch—grown off-season 

in	the	fall	and	early	spring—can	provide	sufficient	N	

for some of the high-demanding summer annuals. It’s 

also possible to undersow sweet clover and then plow it 

under	the	next	July	to	prepare	for	fall	brassica	crops.

Reducing N and P Losses
Use N and P fertilizers more efficiently. If you’ve 

worked to build and maintain soil organic matter, you 

should have plenty of active organic materials present. 

These readily decomposable small fragments provide N 

and P as they are decomposed, reducing the amount of 

fertilizer that’s needed.

The timing and method of application of commercial 

fertilizers	and	manures	affect	the	efficiency	of	use	by	

crops and the amount of loss from soils—especially in 

humid climates. In general, it is best to apply fertiliz-

ers close to the time they are needed by plants. Losses 

of fertilizer and manure nutrients are also frequently 

reduced by soil incorporation with tillage.

If you’re growing a crop for which a reliable in-

season adaptive method is available, like the PSNT, 

spectroscopy, or a computer model, you can hold off 

applying most of the fertilizer until the test or model 

indicates a need. At that point, apply N as a sidedress 

or topdress. However, if you know that your soil is 

probably	very	N	deficient	(for	example,	a	sandy	soil	

low in organic matter), you may need to band-apply 

higher than normal levels of starter N at planting or 

broadcast	some	N	before	planting	to	supply	sufficient	

N nutrition until the soil test indicates whether there is 

a need for more N (applied as a sidedress or topdress). 

For	row	crops	in	colder	climates,	about	15	to	20	pounds	

of starter N per acre (in a band at planting) is highly 
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recommended.	When	organic	farmers	use	fishmeal	or	

seed meals to supply N to crops, they should plan on it 

becoming available over the season, with little available 

in	the	first	weeks	of	decomposition.

Some of the N in surface-applied urea, the cheapest 

and most commonly used solid N fertilizer, is lost as a 

gas if it is not rapidly incorporated into the soil. If as 

little as a quarter inch of rain falls within a few days of 

surface urea application, N losses are usually less than 

10%.	However,	losses	may	be	30%	or	more	in	some	

cases	(a	50%	loss	may	occur	following	surface	applica-

tion	to	a	calcareous	soil	that	is	over	pH	8).	When	urea	is	

used for no-till systems, it can be placed below the sur-

face. When fertilizer is broadcast as a topdress on grass 

or row crops, you might consider the economics of using 

ammonium nitrate. Although ammonium nitrate is 

more costly than urea per unit of N and not always read-

ily available, its N is generally not lost as a gas when left 

on the surface. Anhydrous ammonia, the least expensive 

source of N fertilizer, causes large changes in soil pH in 

and around the injection band. The pH increases for a 

period of weeks, many organisms are killed, and organic 

matter is rendered more soluble. Eventually, the pH 

decreases, and the band is repopulated by soil organ-

isms.	However,	significant	N	losses	can	occur	when	

anhydrous is applied in a soil that is too dry or too wet. 

Even if stabilizers are used, anhydrous applied long 

before	crop	uptake	significantly	increases	the	amount	of	

N that may be lost in humid regions.

If	the	soil	is	very	deficient	in	P,	P	fertilizers	are	com-

monly incorporated to raise the general level of the nutri-

ent. Incorporation is not possible with no-till systems, 

and,	if	the	soil	was	initially	very	deficient,	some	P	fertilizer	

should be incorporated before starting no-till. Nutrients 

accumulate near the surface of reduced tillage systems 

when fertilizers or manures are repeatedly surface-applied. 

neW technoLoGY for corn nItroGen fertILIzAtIon

Corn is a tropical plant that is more efficient at utilizing N than most other crops—it produces more additional yield for each 

extra pound of N absorbed by the plant. But corn production systems as a whole have low efficiency of fertilizer N, typically 

less than 50%. Environmental N losses (leaching, denitrification, and runoff) are much higher for corn than for crops such as 

soybean and wheat, and especially when compared to alfalfa and grasses. This can be attributed to different crop growth 

cycles, fertilizer rates, fertilizer application schedules, timing of crop water and N uptake, and rooting depth. Intensive corn 

production areas have therefore become the focus of policy debates that address environmental concerns like groundwater 

contamination and low dissolved oxygen levels in estuaries. 

Nitrogen management for corn is still mostly done without recognition of the effects of seasonal weather—particularly pre-

cipitation—that can cause high N losses through leaching and denitrification. The PSNT was the first approach that addressed 

these dynamic processes and therefore provided inherently more precise N fertilizer recommendations and eliminated a lot of 

unnecessary N applications. Still, many farmers like to apply additional “insurance fertilizer” because they want to be certain 

of an adequate N supply in wet years. But they may actually need it in only one out of four seasons. For those other years 

excess N application creates high environmental losses.

In addition to the PSNT, new technologies are emerging that allow us to more precisely manage N. Computer models and cli-

mate databases can be employed to adapt N recommendations by accounting for weather events and in-field soil variability. 

Also, crop reflectance of light, which is affected by the degree of N nutrition in the plant, can be measured using aerial and 

satellite images or tractor-mounted sensors and used to adjust sidedress N fertilizer rates on the go.
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This is when band application may be preferred.

In soils with optimal P levels, some P fertilizer is still 

recommended, along with N application, for row crops 

in cool regions. (Potassium is also commonly recom-

mended under these conditions.) Frequently, the soils 

are cold enough in the spring to slow down root develop-

ment, P diffusion toward the root, and mineralization 

of P from organic matter, reducing P availability to 

seedlings. This is probably why it is a good idea to use 

some starter P in these regions—even if the soil is in the 

optimal P soil test range. 

Use perennial forages (sod-forming crops) 

in rotations. As we’ve discussed a number of times, 

rotations that include a perennial forage crop help 

reduce runoff and erosion; build better soil tilth; break 

harmful weed, insect, and nematode cycles; and build 

soil organic matter. Decreasing the emphasis on row 

crops in a rotation and including perennial forages also 

help decrease leaching losses of nitrate. This happens 

for two main reasons:

1.		 There	is	less	water	leaching	under	a	sod	because	it	

uses more water over the entire growing season than 

does an annual row crop (which has a bare soil in the 

spring and after harvest in the fall).

2.  Nitrate concentrations under sod rarely reach any-

where near as high as those under row crops.

So, whether the rotation includes a grass, a legume, 

or a legume-grass mix, the amount of nitrate leaching 

to groundwater is usually reduced. (A critical step, how-

ever, is the conversion from sod to row crop. When a sod 

crop is plowed, a lot of N is mineralized. If this occurs 

many months before the row crop takes it up, high 

nitrate	leaching	and	denitrification	losses	occur.)	Using	

grass, legume, or grass-legume forages in the rotation 

also helps with P management because of the reduction 

of runoff and erosion and the effects on soil structure for 

the following crop.

Use cover crops to prevent nutrient losses. 

High levels of soil nitrate may be left at the end of the 

growing season if drought causes a poor crop year or 

if excess N fertilizer or manure has been applied. The 

potential for nitrate leaching and runoff can be reduced 

greatly if you sow a fast-growing cover crop like winter 

rye immediately after the main crop has been harvested. 

One option available to help manage N is to use a 

combination of a legume and grass. The combination of 

hairy vetch and winter rye works well in cooler temper-

ate regions. When nitrate is scarce, the vetch does much 

better	than	the	rye	and	a	large	amount	of	N	is	fixed	for	

the next crop. On the other hand, the rye competes well 

with	the	vetch	when	nitrate	is	plentiful;	less	N	is	fixed	

(of course, less is needed); and much of the nitrate is 

tied up in the rye and stored for future use.

In general, having any cover crop on the soil during 

the off-season is helpful for P management. A cover 

crop that establishes quickly and helps protect the soil 

Reducing tillage usually leads to marked reductions 

of N and P loss in runoff and nitrate leaching loss to 

groundwater. However, there are two complicating fac-

tors that should be recognized:

•  If intense storms occur soon after application of 

surface-applied urea or ammonium nitrate, N is 

more likely to be lost via leaching than if it had 

been incorporated. Much of the water will flow 

over the surface of no-till soils, picking up nitrate 

and urea, before entering wormholes and other 

channels. It then easily moves deep into the subsoil. 

It is best not to broadcast fertilizer and leave it on 

the surface with a no-till system.

•  P accumulates on the surface of no-till soils 

(because there is no incorporation of broadcast 

fertilizers, manures, crop residues, or cover crops). 

Although there is less runoff, fewer sediments, and 

less total P lost with no-till, the concentration of 

dissolved P in the runoff may actually be higher 

than for conventionally tilled soils.
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against erosion will help reduce P losses.

Reduce tillage.	Because	most	P	is	lost	from	fields	by	

erosion of sediments, environmentally sound P manage-

ment should include reduced tillage systems. Leaving 

residues on the surface and maintaining stable soil  

aggregation	and	lots	of	large	pores	help	water	to	infiltrate	

into soils. When runoff does occur, less sediment is car-

ried along with it than if conventional plow-harrow tillage 

is used. Reduced tillage, by decreasing runoff and erosion, 

usually	decreases	both	P	and	N	losses	from	fields.	Recent	

studies also showed that reduced tillage results in more 

effective N cycling. Although N fertilizer needs are gener-

ally slightly higher in early transition years, long-term 

no-tillage increases organic matter contents over conven-

tional tillage and also, after some years, results in 30 to 

50	pounds	per	acre	more	N	mineralization,	a	significant	

economic	benefit	to	the	farm.

Working Toward Balancing  
Nutrient Imports and Exports
Nitrogen and phosphorus are lost from soils in many 

ways, including runoff that takes both N and P, leaching 

of	nitrate	(and	in	some	situations	P,	as	well),	denitrifica-

tion, and volatilization of ammonia from surface-applied 

urea and manures. Even if you take all precautions to 

reduce unnecessary losses, some loss of N and P will 

occur. While you can easily overdo it with fertilizers, use 

of more N and P than needed also occurs on many live-

stock	farms	that	import	a	significant	proportion	of	their	

feeds. If a forage legume, such as alfalfa, is an impor-

tant part of the rotation, the combination of biological 

N	fixation	plus	imported	N	in	feeds	may	exceed	the	

farm’s needs. A reasonable goal for farms with a large 

net	inflow	of	N	and	P	would	be	to	try	to	reduce	imports	

of these nutrients on farms (including legume N), or 

increase exports, to a point closer to balance.

On crop farms, as well as livestock-based farms with 

low numbers of animals per acre, it’s fairly easy to bring 

inflows	and	outflows	into	balance	by	properly	crediting	

N from the previous crop and N and P in manure. On 

the other hand, it is a more challenging problem when 

there	are	a	large	number	of	animals	for	a	fixed	land	base	

and a large percentage of the feed must be imported. 

This happens frequently on factory-type animal produc-

tion facilities, but it can also happen on smaller, family-

sized farms. At some point, thought needs to be given 

to either expanding the farm’s land base or exporting 

some of the manure to other farms. In the Netherlands, 

nutrient accumulation on livestock farms became a 

national problem and generated legislation that limits 

animal units on farms. One option is to compost the 

manure—which makes it easier to transport or sell and 

causes some N losses during the composting process—

stabilizing the remaining N before application. On the 

other hand, the availability of P in manure is not greatly 

affected by composting. That’s why using compost to 

supply a particular amount of “available” N usually 

results in applications of larger total amounts of P than 

plants need.

Using Organic Sources of Phosphorus and Potassium 
Manures and other organic amendments are frequently 

applied to soils at rates estimated to satisfy N needs of 

crops. This commonly adds more P and potassium than 

the crop needs. After many years of continuous applica-

tion of these sources to meet N needs, soil test levels 

for P and potassium may be in the very high (excessive) 

range. Although there are a number of ways to deal with 

this issue, all solutions require reduced applications of 

fertilizer P and P-containing organic amendments. If 

it’s a farm-wide problem, some manure may need to be 

exported and N fertilizer or legumes relied on to provide 

N to grain crops. Sometimes, it’s just a question of better 

distribution	of	manure	around	the	various	fields—getting	

to	those	fields	far	from	the	barn	more	regularly.	Changing	

the rotation to include crops such as alfalfa, for which 

no manure N is needed, can help. However, if you’re 

raising livestock on a limited land base, you should make 
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arrangements to have the manure used on a neighboring 

farm or sell the manure to a composting facility.

Managing High-P Soils
High-P soils occur because of a history of either exces-

sive applications of P fertilizers or—more commonly—

application of lots of manure. This is a problem on 

livestock farms with limited land and where a medium 

to high percentage of feed is imported. The nutrients 

imported in feeds may greatly exceed the nutrients 

exported in animal products. In addition, where 

manures or composts are used at rates required to pro-

vide	sufficient	N	to	crops,	more	P	than	needed	usually	is	

added. It’s probably a good idea to reduce the potential 

for P loss from all high-P soils. However, it is especially 

important to reduce the risk of environmental harm 

from those high-P soils that are also likely to produce 

significant	runoff	(because	of	steep	slope,	fine	texture,	

poor structure, or poor drainage).

There are a number of practices that should be fol-

lowed with high-P soils:

•		 First,	deal	with	the	“front	end”	and	reduce	animal	

P intake to the lowest levels needed. Not that long 

ago a survey found that the average dairy herd in the 

U.S.	was	fed	about	25%	more	P	than	recommended	

by the standard authority (the National Research 

Council,	or	NRC).	Using	so	much	extra	can	cost	

dairy	farmers	thousands	of	dollars	to	feed	a	100-cow	

herd supplemental P that the animals don’t need and 

that ends up as a potential pollutant.

•		 Second,	reduce	or	eliminate	applications	of	extra	

P. For a livestock farm, this may mean obtaining 

the use of more land to grow crops and to spread 

manure over a larger land area. For a crop farm, this 

may mean using legume cover crops and forages in 

rotations to supply N without adding P. The cover 

crops and forage rotation crops are also helpful to 

build up and maintain good organic matter levels in 

the absence of importing manures or composts or 

other organic material from off the farm. The lack of 

imported organic sources of nutrients (to try to re-

duce P imports) means that a crop farmer will need 

more creative use of crop residues, rotations, and 

cover crops to maintain good organic matter levels. 

Also, don’t use a high-P source to meet N demands. 

Compost	has	many	benefits,	but	if	used	to	provide	N	

fertility, it will build up P over the long term.

•		 Third,	reduce	runoff	and	erosion	to	minimal	levels.	

P is usually a problem only if it gets into surface 

waters.	Anything	that	helps	water	infiltration	or	

impedes water and sediments from leaving the 

field—reduced	tillage,	strip	cropping	along	the	con-

tour, cover crops, grassed waterways, riparian buffer 

strips, etc.—decreases problems caused by high-P 

soils.	(Note:	Significant	P	losses	in	tile	drainage	wa-

ter	have	been	observed,	especially	from	fields	where	

large amounts of liquid manure are applied.)

•		 Fourth,	continue	to	monitor	soil	P	levels.	Soil	test	P	

will slowly decrease over the years, once P imports, 

as fertilizers, organic amendments, or feeds, are 

reduced or eliminated. Soils should be tested every 

two or three years for other reasons, anyway. So just 

remember	to	keep	track	of	soil	test	P	to	confirm	that	

levels are decreasing.

Phosphorus accumulates especially rapidly in the 

surface of no-till soils that have received large appli-

cations of manure or fertilizer over the years. One 

management option in these cases is a one-time tillage 

of the soil to incorporate the high-P layer. If this is done, 

follow practices that don’t result in building up surface 

soil P once again. 

SUMMARY
Both N and P are needed by plants in large amounts, 

but when soils are too rich in these nutrients, they are 

environmental hazards. And although N and P behave 

differently in soils, most sound management practices 

for one are also sound for the other. Using soil tests (and 
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for N on corn the end-of-season lower stalk nitrate test) 

and modern nutrient management planning that credits 

all sources, such as manures and decomposing sods, 

can help better manage these nutrients. Reduced tillage, 

cover crops, and rotation with sod crops decrease runoff 

and erosion and help in many other ways, including bet-

ter N and P management.
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Chapter 20

other Fertility issues: 
nutrients, CeC, aCidity, and alkalinity

The potential available nutrients in a soil, whether natural or added in  

manures or fertilizer, are only in part utilized by plants . . .

—t.l. lyon and e.o. FiPPin, 1909

OTHER NUTRIENTS
Although farmers understandably focus on nitrogen and 

phosphorus—because of the large quantities used and 

the potential for environmental problems—additional 

nutrient and soil chemical issues remain important. 

Overuse of other fertilizers and amendments seldom 

causes problems for the environment, but it may waste 

money and reduce yields. There are also animal health 

considerations. For example, excess potassium in feeds 

for dry cows (cows that are between lactations) results 

in metabolic problems, and low magnesium availability 

to dairy or beef cows in early lactation can cause grass 

tetany. As with most other issues we have discussed, 

focusing on the management practices that build up and 

maintain soil organic matter will help eliminate many 

problems or at least make them easier to manage.

Potassium (K) is	one	of	the	N-P-K	“big	three”	

primary nutrients needed in large amounts, but in 

humid	regions	it	is	frequently	not	present	in	sufficient	

quantities for optimum yields of crops. It’s generally 

available to plants as a cation, and the soil’s cation 

exchange capacity	(CEC)	is	the	main	storehouse	for	this	

element for a given year’s crop. Potassium availability 

to plants is sometimes decreased when a soil is limed to 

increase its pH by one or two units. The extra calcium, 

as well as the “pull” on potassium exerted by the new 

cation	exchange	sites	(see	the	next	section,	“Cation	

Exchange	Capacity	Management”),	contributes	to	lower	

potassium availability. Problems with low potassium 

levels are usually dealt with easily by applying muriate 

of potash (potassium chloride), potassium sulfate, or 

sul-po-mag	or	K-mag	(potassium	and	magnesium	sul-

fate). Manures also usually contain large quantities  

of potassium.

Magnesium	deficiency	is	easily	corrected	if	the	soil	

is acidic by using a high-magnesium (dolomitic) lime-

stone	to	raise	the	soil	pH	(see	“Soil	Acidity,”	p.	230).	If	K	

is also low and the soil does not need liming, sul-po-mag 
Photo by Dennis Nolan
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is	one	of	the	best	choices	for	correcting	an	Mg	deficiency.	

For	a	soil	that	has	sufficient	K	and	is	at	a	satisfactory	

pH, a straight Mg source such as magnesium sulfate 

(Epsom salts) would be a good choice.

Calcium	deficiencies	are	generally	associated	with	

low	pH	soils	and	soils	with	low	CECs.	The	best	remedy	

is usually to lime and build up the soil’s organic mat-

ter. However, some important crops, such as peanuts, 

potatoes, and apples, commonly need added calcium. 

Calcium	additions	also	may	be	needed	to	help	alleviate	

soil structure and nutrition problems of sodic soils (see 

“Remediation of Sodic (Alkali) and Saline Soils,” p. 233). 

In general, if the soil does not have too much sodium, is 

properly limed, and has a reasonable amount of organic 

matter, there will be no advantage to adding a calcium 

source, such as gypsum. However, soils with very low 

aggregate	stability	may	sometimes	benefit	from	the	extra	

salt concentration and calcium associated with surface 

gypsum applications. This is not a calcium nutrition 

effect but a stabilizing effect of the dissolving gypsum 

salt. Higher soil organic matter and surface residues 

should do as well as gypsum to alleviate this problem.

Sulfur	deficiencies	are	common	on	soils	with	low	

organic matter. Some soil testing labs around the coun-

try offer a sulfur soil test. (Those of you who grow garlic 

should know that a good supply of sulfur is important 

for	the	full	development	of	garlic’s	pungent	flavor.)	

Much of the sulfur in soils occurs as organic matter, 

so building up and maintaining organic matter should 

result	in	sufficient	sulfur	nutrition	for	plants.	Although	

reports of crop response to added sulfur in the Northeast 

are	rare,	it	is	thought	that	deficiencies	of	this	element	

may become more common now that there is less sulfur 

air pollution, originating mainly in the Midwest. Some 

fertilizers used for other purposes, such as sul-po-mag 

and	ammonium	sulfate,	contain	sulfur.	Calcium	sulfate	

(gypsum) also can be applied to remedy low soil sulfur. 

The	amounts	used	on	sulfur-deficient	soils	are	typically	

20 to 25 pounds of sulfur per acre.

Zinc	deficiencies	occur	with	certain	crops	on	soils	

low in organic matter and in sandy soils or soils with a 

pH at or above neutral. Zinc problems are sometimes 

noted on silage corn when manure hasn’t been applied 

for	a	while.	Zinc	also	can	be	deficient	following	topsoil	

removal	from	parts	of	fields	as	land	is	leveled	for	fur-

row	irrigation.	Cool	and	wet	conditions	may	cause	zinc	

to	be	deficient	early	in	the	season.	Sometimes	crops	

outgrow the problem as the soil warms up and organic 

sources become more available to plants. Applying 

about	10	pounds	of	zinc	sulfate	(which	contains	about	

3 pounds of zinc) to soils is one method used to correct 

zinc	deficiencies.	If	the	deficiency	is	due	to	high	pH,	or	

if	an	orchard	crop	is	zinc	deficient,	a	foliar	application	is	

commonly used. If a soil test before planting an orchard 

reveals low zinc levels, zinc sulfate should be applied.

Boron deficiencies	show	up	in	alfalfa	when	it	grows	

on eroded knolls where the topsoil and organic matter 

have been lost. Root crops seem to need higher soil boron 

levels	than	many	other	crops.	Cole	crops,	apples,	celery,	

and spinach are also sensitive to low boron levels. The 

most	common	fertilizer	used	to	correct	a	boron	deficiency	

is	sodium	tetraborate	(about	15%	boron).	Borax	(about	

11%	boron),	a	compound	containing	sodium	borate,	also	

can	be	used	to	correct	boron	deficiencies.	On	sandy	soils	

low in organic matter, boron may be needed on a routine 

The risk for sulfur deficiency varies with the soil type, 

the crops grown on the soil, the manure history, and 

the level of organic matter in the soil. A deficiency is 

more likely to occur on acidic, sandy soils; soils with 

low organic matter levels and high nitrogen inputs; and 

soils that are cold and dry in the spring, which condi-

tion decreases sulfur mineralization from soil organic 

matter. Manure is a significant supplier of sulfur, and 

manured fields are not likely to be S deficient; how-

ever, sulfur content in manure can vary. 

—S. PLACE ET AL. (2007)  
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basis. Apply no more than 3 pounds of actual B (about 27 

pounds of borax) per acre at any one time—it can be toxic 

to some plants at higher rates.

Manganese	deficiency,	usually	associated	with	

soybeans and cereals grown on high-pH soils and veg-

etables grown on muck soils, is corrected with the use 

of	manganese	sulfate	(about	27%	manganese).	About	10	

pounds of water-soluble manganese per acre should sat-

isfy plant needs for a number of years. Up to 25 pounds 

per acre of manganese is recommended if the fertilizer 

is	broadcast	on	a	very	deficient	soil.	Natural,	as	well	as	

synthetic,	chelates	(at	about	5%	to	10%	manganese)	usu-

ally are applied as a foliar spray.

Iron	deficiency	occurs	in	blueberries	when	they	

are grown on moderate- to high-pH soils, especially a 

pH	of	over	6.5.	Iron	deficiency	also	sometimes	occurs	

on soybeans, wheat, sorghum, and peanuts growing on 

soil with a pH greater than 7.5. Iron (ferrous) sulfate 

or	chelated	iron	is	used	to	correct	iron	deficiency.	Both	

manganese	and	iron	deficiencies	are	frequently	cor-

rected by using foliar application of inorganic salts.

Copper	is	another	nutrient	that	is	sometimes	deficient	

in	high-pH	soils.	It	is	also	sometimes	deficient	in	organic	

soils	(soils	with	10–20%	or	more	organic	matter).	Some	

crops—for example, tomatoes, lettuce, beets, onions, and 

spinach—have a relatively high copper need. A number of 

copper sources, such as copper sulfate and copper chelates, 

can	be	used	to	correct	a	copper	deficiency.

cATION ExcHANgE cAPAcITY MANAgEMENT
The	CEC	in	soils	is	due	to	well-humified	(“very	dead”)	

organic	matter	and	clay	minerals.	The	total	CEC	in	a	soil	

is	the	sum	of	the	CEC	due	to	organic	matter	and	due	to	

clays.	In	fine-textured	soils	with	medium-	to	high-CEC	

clays,	much	of	the	CEC	may	be	due	to	clays.	On	the	other	

hand, in sandy loams with little clay, or in some of the 

soils of the southeastern U.S. that contain clays with low 

CEC,	organic	matter	may	account	for	an	overwhelming	

fraction	of	the	total	CEC.

There are two practical ways to increase the abil-

ity of soils to hold nutrient cations such as potassium, 

calcium, magnesium, and ammonium:

•		 Add	organic	matter	by	using	the	methods	discussed	

in earlier chapters.

•		 If	the	soil	is	too	acidic,	use	lime	(see	“pH	Manage-

ment,”	p.	231)	to	raise	its	pH	to	the	high	end	of	the	

range needed for the crops you grow.

One	of	the	benefits	of	liming	acid	soils	is	increasing	

soil	CEC.	Here’s	why:	As	the	pH	increases,	so	does	the	

CEC	of	organic	matter	as	well	as	some	clay	minerals.	As	

hydrogen (H+) on humus is neutralized by liming, the 

site where it was attached now has a negative charge and 

can	hold	Ca++, Mg++,	K+, etc.

Many	soil	testing	labs	will	run	CEC	if	asked.	

However, there are a number of possible ways to do the 

test.	Some	labs	determine	what	the	CEC	would	be	if	the	

soil’s pH was 7 or higher. They do this by adding the 

estIMAtInG orGAnIc MAtter’s contrIbutIon to A soIL’s cec

The CEC of a soil is usually expressed in terms of the number of milliequivalents (me) of negative charge per 100 grams of soil. 

(The actual number of charges represented by one me is about 6 followed by 20 zeros.) A useful rule of thumb for estimating 

the CEC due to organic matter is as follows: For every pH unit above pH 4.5, there is 1 me of CEC in 100 grams of soil for every 

percent of organic matter. (Don’t forget that there will also be CEC due to clays.) SOM = soil organic matter. 

 Example 1: pH = 5.0 and 3% SOM  → (5.0 – 4.5) x 3 =  1.5 me/100g 

 Example 2: pH = 6.0 and 3% SOM  →  (6.0 – 4.5) x 3 =  4.5 me/100g 

 Example 3: pH = 7.0 and 3% SOM   →  (7.0 – 4.5) x 3 =  7.5 me/100g 

 Example 4: pH = 7.0 and 4% SOM  →  (7.0 – 4.5) x 4 = 10.0 me/100g
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acidity that would be neutralized if the soil was limed to 

the	current	soil	CEC.	This	is	the	CEC	the	soil	would have 

at	the	higher	pH	but	is	not	the	soil’s	current	CEC.	For	

this reason, some labs total the major cations actually 

held	on	the	CEC	(Ca++ +	K+ + Mg++) and call it effective 

CEC.	It	is	more	useful	to	know	the	effective	CEC—the	

actual	current	CEC	of	the	soil—than	CEC	determined	at	

a higher pH.

SOIl AcIDITY
Background
Many soils, especially in humid regions, were acidic 

before they were ever farmed. Leaching of bases from 

soils and the acids produced during organic matter 

decomposition combined to make these soils natu-

rally acidic. As soils were brought into production and 

organic matter was decomposed (mineralized), more 

acids were formed. In addition, all the commonly used 

N fertilizers are acidic—needing from 4 to 7 pounds of 

agricultural limestone to neutralize the acid formed 

from each pound of N applied to soils.

Plants	have	evolved	under	specific	environments,	

which	in	turn	influence	their	needs	as	agricultural	crops.	

For example, alfalfa originated in a semiarid region 

where soil pH was high; alfalfa requires a pH in the 

range	of	6.5	to	6.8	or	higher	(see	figure	20.1	for	common	

soil pH levels). On the other hand, blueberries, which 

evolved under acidic conditions, require a low pH to 

provide needed iron (iron is more soluble at low pH). 

Other crops, such as peanuts, watermelons, and sweet 

potatoes, do best in moderately acid soils in the range of 

pH 5 to 6. Most other agricultural plants do best in the 

range of pH 6 to 7.5.

Several problems may cause poor growth of acid-

sensitive plants in low pH soils. The following are three 

common ones:

•		 aluminum	and	manganese	are	more	soluble	and	can	

be toxic to plants; 

soIL AcIdItY
Background
•  pH 7 is neutral.
•  Soil with pH levels above 7 are alkaline; those of less 

than 7 are acidic.
•  The lower the pH, the more acidic is the soil. 
•  Soils in humid regions tend to be acidic; those in 

semiarid and arid regions tend to be around neutral 
or alkaline.

•  Acidification is a natural process. 
•  Most commercial nitrogen fertilizers are acid form-

ing, but many manures are not.
•  Crops have different pH needs—probably related 

to nutrient availability or susceptibility to aluminum 
toxicity at low pH.

•  Organic acids on humus and aluminum on the CEC 
account for most of the acid in soils. 

Management
•  Use limestone to raise the soil pH (if magnesium is 

also low, use a high-magnesium—or dolomitic—
lime).

•  Mix lime thoroughly into the plow layer.
•  Spread lime well in advance of sensitive crops if at 

all possible.
• If the lime requirement is high—some labs say 

greater than 2 tons; others say greater than 4 tons—
consider splitting the application over two years.

•  Reducing soil pH (making soil more acid) for acid-
loving crops is done best with elemental sulfur (S).

acidic neutral basic

pH

4 5  6 7 8 9 10

Note: Soils at pH 7.5 to 8 frequently contain fine particles of lime 
(calcium carbonate).Soils above pH 8.5 to 9 usually have excess 
sodium (sodic, also called alkali, soils).

Figure 20.1. Soil pH and acid-base status. 
Note: Soils at pH 7.5–8 frequently contain fine particles of lime 
(calcium carbonate). Soils above pH 8.5–9 usually have excess sodium 
(sodic, also called alkali, soils).
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•		 calcium,	magnesium,	potassium,	phosphorus,	or	

molybdenum	(especially	needed	for	nitrogen	fixation	

by	legumes)	may	be	deficient;	and

•		 decomposition	of	soil	organic	matter	is	slowed	and	

causes decreased mineralization of nitrogen.

The problems caused by soil acidity are usually less 

severe, and the optimum pH is lower, if the soil is well 

supplied with organic matter. Organic matter helps 

to make aluminum less toxic, and, of course, humus 

increases	the	soil’s	CEC.	Soil	pH	will	not	change	as	

rapidly in soils that are high in organic matter. Soil 

acidification	is	a	natural	process	that	is	accelerated	by	

acids produced in soil by most nitrogen fertilizers. Soil 

organic	matter	slows	down	acidification	and	buffers	

the soil’s pH because it holds the acid hydrogen tightly. 

Therefore, more acid is needed to decrease the pH by a 

given amount when a lot of organic matter is present. 

Of course, the reverse is also true—more lime is needed 

to raise the pH of high-organic-matter soils by a given 

amount (see “Soil Acidity” box, p. 230). 

Limestone application helps create a more hospi-

table soil for acid-sensitive plants in many ways, such as 

the following:

•		 by	neutralizing	acids;

•		 by	adding	calcium	in	large	quantities	(because	lime-

stone	is	calcium	carbonate,	CaCO3);

•		 by	adding	magnesium	in	large	quantities	if	dolomitic	

limestone is used (containing carbonates of both 

calcium and magnesium);

•		 by	making	molybdenum	and	phosphorus	more	 

available;

•		 by	helping	to	maintain	added	phosphorus	in	an	

available form;

•		 by	enhancing	bacterial	activity,	including	the	rhizo-

bia	that	fix	nitrogen	in	legumes;	and

•		 by	making	aluminum	and	manganese	less	soluble.

Almost all the acid in acidic soils is held in reserve 

on the solids, with an extremely small amount active in 

the soil water. If all that we needed to neutralize was the 

acid in the soil water, a few handfuls of lime per acre 

would be enough to do the job, even in a very acid soil. 

However, tons of lime per acre are needed to raise the 

pH. The explanation for this is that almost all of the acid 

that must be neutralized in soils is reserve acidity associ-

ated with either organic matter or aluminum.

pH Management
Increasing the pH of acidic soils is usually accomplished 

by adding ground or crushed limestone. Three pieces of 

information are used to determine the amount of lime 

that’s needed:

1.		 What	is	the	soil	pH?	Knowing	this	and	the	needs	of	

the crops you are growing will tell you whether lime 

is needed and what target pH you are shooting for. If 

the soil pH is much lower than the pH needs of the 

crop, you need to use lime. But the pH value doesn’t 

tell you how much lime is needed.

2.  What is the lime requirement needed to change the 

pH to the desired level? (The lime requirement is 

the amount of lime needed to neutralize the hydro-

gen, as well as the reactive aluminum, associated 

with organic matter.) A number of different tests 

used by soil testing laboratories estimate soil lime 

requirements. Most give the results in terms of tons 

per acre of agricultural grade limestone to reach the 

desired pH.

Soil testing labs usually use the information you provide about your cropping intentions and integrate the three issues  

(see the discussion under “pH Management,” above, of the three pieces of information needed) when recommending lime-

stone application rates. Laws govern the quality of limestone sold in each state. Soil testing labs give recommendations based 

on the use of ground limestone that meets the minimum state standard.
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3.  Is the limestone you use very different from the one 

assumed	in	the	soil	test	report?	The	fineness	and	the	

amount of carbonate present govern the effective-

ness of limestone—how much it will raise the soil’s 

pH. If the lime you will be using has an effective 

calcium carbonate equivalent that’s very different 

from the one used as the base in the report, the 

amount applied may need to be adjusted upward (if 

the lime is very coarse or has a high level of impuri-

ties)	or	downward	(if	the	lime	is	very	fine,	is	high	in	

magnesium, and contains few impurities).

Soils with more clay and more organic matter need 

more	lime	to	change	their	pH	(see	figure	20.2).	Although	

organic matter buffers the soil against pH decreases, it 

also buffers against pH increases when you are trying to 

raise the pH with limestone. Most states recommend a 

soil	pH	of	around	6.8	only	for	the	most	sensitive	crops,	

such as alfalfa, and of about 6.2 to 6.5 for many of the 

clovers. As pointed out above, most of the commonly 

grown crops do well in the range of pH 6.0 to 7.5.

There are other liming materials in addition to 

limestone. One commonly used in some parts of the U.S. 

is wood ash. Ash from a modern airtight wood-burning 

stove may have a fairly high calcium carbonate content 

(80%	or	higher).	However,	ash	that	is	mainly	black—

indicating incompletely burned wood—may have as little 

as	40%	effective	calcium	carbonate	equivalent.	Lime	

sludge	from	wastewater	treatment	plants	and	fly	ash	

sources may be available in some locations. Normally, 

minor sources like these are not locally available in suf-

ficient	quantities	to	put	much	of	a	dent	in	the	lime	needs	

of a region. Because they might carry unwanted con-

taminants to the farm, be sure that any new by-product 

liming	sources	are	field	tested	and	thoroughly	evaluated	

for metals before you use them.
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Figure 20.2. Examples of approximate lime needed to reach pH 6.8. Modified from Peech (1961).
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“Overliming” injury. Sometimes problems are cre-

ated when soils are limed, especially when a very acidic 

soil has been quickly raised to high pH levels. Decreased 

crop growth because of “overliming” injury is usually 

associated with a lowered availability of phosphorus, 

potassium, or boron, although zinc, copper, and man-

ganese	deficiencies	can	be	produced	by	liming	acidic	

sandy soils. If there is a long history of the use of triazine 

herbicides, such as atrazine, liming may release these 

chemicals and kill sensitive crops.

Need to lower the soil’s pH? When growing plants 

that require a low pH, you may want to add acidity to 

the soil. This is probably only economically possible 

for blueberries and is most easily done with elemental 

sulfur (S), which is converted into an acid by soil micro-

organisms	over	a	few	months.	For	the	examples	in	figure	

20.2, the amount of S needed to drop the pH by one unit 

would be approximately 3/4 ton per acre for silty clay 

loams,	1/2	ton	per	acre	for	loams	and	silt	loams,	600	

pounds per acre for sandy loams, and 300 pounds per 

acre for sands. Sulfur should be applied the year before 

planting blueberries. Alum (aluminum sulfate) may 

also be used to acidify soils. About six times more alum 

than elemental sulfur is needed to achieve the same pH 

change. If your soil is calcareous—usually with a pH over 

7.5 and naturally containing calcium carbonate—don’t 

even try to decrease the pH. Acidifying material will 

have no lasting effect on the pH because it will be fully 

neutralized by the soil’s lime.

REMEDIATION OF SODIc (AlKAlI) AND SAlINE SOIlS
The origin and characteristics of saline and sodic soils 

were discussed at the end of chapter 6, p. 65. There are 

a number of ways to deal with saline soils that don’t 

have shallow salty groundwater. One is to keep the soil 

continually moist. For example, if you use drip irriga-

tion with low-salt water plus a surface mulch, the salt 

content will not get as high as it would if allowed to 

concentrate when the soil dries. Another way is to grow 

crops or varieties of crops that are more tolerant of soil 

salinity. Saline-tolerant plants include barley, Bermuda 

grass, oak, rosemary, and willow. However, the only way 

to	get	rid	of	the	salt	is	to	add	sufficient	water	to	wash	it	

below the root zone. If the subsoil does not drain well, 

drainage tiles might need to be installed to get rid of the 

salty water leached from the soil. (However, this means 

that a high-salt water is being discharged into a ditch 

and may harm downstream water quality.) The amount 

of water needed to do this is related to the salt content 

of the irrigation water, expressed as electrical conductiv-

ity	(ECw),	and	the	salt	content	desired	in	the	drainage	

water,	expressed	as	electrical	conductivity	(ECdw).	The	

amount of water needed can be calculated using the fol-

lowing equation:

Water needed = (amount of water needed to saturate 

soil) x	(ECw/ECdw)

The amount of extra irrigation water needed to leach 

salts is also related to the sensitivity of the plants that 

you’re growing. For example, sensitive crops like onions 

and strawberries may have twice the leaching require-

ment of moderately sensitive broccoli or tomatoes. Drip 

irrigation uses relatively low amounts of water, so lack 

of leaching may cause salt buildup even for moderately 

saline irrigation sources. This means that the leaching 

may need to occur during the growing season, but care is 

needed to prevent leaching of nitrate below the root zone.

For sodic soils, a calcium source is added—usually 

gypsum (calcium sulfate). The calcium replaces sodium 

held by the cation exchange capacity. The soil is then 

irrigated so that the sodium can be leached deep into 

the soil. Because the calcium in gypsum easily replaces 

the	sodium	on	the	CEC,	the	amount	of	gypsum	needed	

can be estimated as follows: For every milliequivalent of 

sodium	that	needs	to	be	replaced	to	1	foot,	about	2	tons	

of agricultural-grade gypsum is needed per acre. Adding 
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gypsum to nonsodic soils doesn’t help physical proper-

ties if the soil is properly limed, except for those soils 

that contain easily dispersible clay and are also low in 

organic matter.
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Chapter 21

getting the Most 
FroM routine soil tests

. . . the popular mind is still fixed on the idea that a fertilizer is the panacea.

—J.l. hills, C.h. Jones, and C. Cutler, 1908

Although fertilizers and other amendments pur-

chased from off the farm are not a panacea to cure all 

soil problems, they play an important role in maintain-

ing soil productivity. Soil testing is the farmer’s best 

means for determining which amendments or fertilizers 

are needed and how much should be used.

The soil test report provides the soil’s nutrient and 

pH levels and, in arid climates, the salt and sodium 

levels. Recommendations for application of nutrients 

and amendments accompany most reports. They are 

based on soil nutrient levels, past cropping, and manure 

management and should be a customized recommenda-

tion based on the crop you plan to grow.

Soil tests—and proper interpretation of results—are 

an important tool for developing a farm nutrient man-

agement program. However, deciding how much fertil-

izer to apply—or the total amount of nutrients needed 

from various sources—is part science, part philosophy, 

and part art. Understanding soil tests and how to inter-

pret them can help farmers better customize the test’s 

recommendations. In this chapter, we’ll go over sources 

of confusion about soil tests, discuss N and P soil tests, 

and then examine a number of soil tests to see how the 

information they provide can help you make decisions 

about fertilizer application.

TAKINg SOIl SAMPlES
The usual time to take soil samples for general fertility 

evaluation is in the fall or the spring, before the growing 

season has begun. These samples are analyzed for pH 

and lime requirement as well as phosphorus, potas-

sium, calcium, and magnesium. Some labs also routinely 

analyze for organic matter and other selected nutrients, 

such as boron, zinc, sulfur, and manganese. Whether 

you	sample	a	particular	field	in	the	fall	or	in	the	early	

spring, stay consistent and repeat samples at approxi-

mately the same time of the year and use the same 

laboratory for analysis. As you will see below, this allows 

you to make better year-to-year comparisons.

Photo by Dena Leibman
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AccURAcY OF REcOMMENDATIONS  
bASED ON SOIl TESTS
Soil tests and their recommendations, although a criti-

cal	component	of	fertility	management,	are	not	100%	

accurate. Soil tests are an important tool, but they need 

to be used by farmers and farm advisors along with 

other information to make the best decision regarding 

amounts of fertilizers or amendments to apply.

Soil tests are an estimate of a limited number of 

plant nutrients based on a small sample, which is 

supposed	to	represent	many	acres	in	a	field.	With	soil	

testing, the answers aren’t as certain as we might like 

them to be. A low-potassium soil test indicates that 

you will probably increase yield by adding the nutrient. 

However, adding fertilizer may not increase crop yields 

in	a	field	with	a	low	soil	test	level.	The	higher	yields	may	

be prevented because the soil test is not calibrated for 

that	particular	soil	(and	because	the	soil	had	sufficient	

potassium for the crop despite the low test level) or 

because of harm caused by poor drainage or compac-

tion. Occasionally, using extra nutrients on a high-test-

ing soil increases crop yields. Weather conditions may 

have made the nutrient less available than indicated 

by the soil test. So it’s important to use common sense 

when interpreting soil test results.

GuIdeLInes for tAKInG soIL sAMPLes
1.  Don’t wait until the last minute. The best time to sample for a general soil test is usually in the fall. Spring samples should 

be taken early enough to have the results in time to properly plan nutrient management for the crop season.

2.  Take cores from at least fifteen to twenty spots randomly over the field to obtain a representative sample. One sample 
should not represent more than 10 to 20 acres.

3.  Sample between rows. Avoid old fence rows, dead furrows, and other spots that are not representative of the whole field.

4.  Take separate samples from problem areas if they can be treated separately.

5.  Soils are not homogeneous—nutrient levels can vary widely with different crop histories or topographic settings. Some-
times different colors are a clue to different nutrient contents. Consider sampling some areas separately, even if yields are 
not noticeably different from the rest of the field.

6.  In cultivated fields, sample to plow depth.

7.  Take two samples from no-till fields: one to a 6-inch depth for lime and fertilizer recommendations, and one to a 2-inch 
depth to monitor surface acidity.

8.  Sample permanent pastures to a 3- or 4-inch depth.

9.  Collect the samples in a clean container.

10.  Mix the core samplings, remove roots and stones, and allow mixed sample to air dry.

11.  Fill the soil-test mailing container.

12.  Complete the information sheet, giving all of the information requested. Remember, the recommendations are only as 
good as the information supplied.

13.  Sample fields at least every three years and at the same season of the year each time. On higher-value crops annual soil 

tests will allow you to fine-tune nutrient management and may allow you to cut down on fertilizer use.

Note: For a discussion of how to sample to assess the extent of nutrient variability across a large field, see the section “Managing Field Nutrient Variability,” p. 251.

—MODIFIED FROM THE PENN STATE AGRONOMY GUIDE (2007–2008)
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SOURcES OF cONFUSION AbOUT SOIl TESTS
People may be easily confused about the details of soil 

tests, especially if they have seen results from more 

than one soil testing laboratory. There are a number of 

reasons for this, including the following:

•		 laboratories	use	a	variety	of	procedures;

•		 labs	report	results	differently;	and

•		 different	approaches	are	used	to	make	recommenda-

tions based on soil test results.

Varied Lab Procedures
One of the complications with using soil tests to help 

determine nutrient needs is that testing labs across the 

country use a wide range of procedures. The main differ-

ence among labs is the solutions they use to extract the 

soil nutrients. Some use one solution for all nutrients, 

while others will use one solution to extract potassium, 

magnesium, and calcium; another for phosphorus; and 

yet another for micronutrients. The various extracting 

solutions have different chemical compositions, so the 

amount of a particular nutrient that lab A extracts may be 

different from the amount extracted by lab B. Labs fre-

quently have a good reason for using a particular solution, 

however. For example, the Olsen test for phosphorus (see 

table	21.1,	p.	242)	is	more	accurate	for	high-pH	soils	in	

arid and semiarid regions than the various acid-extract-

ing solutions commonly used in more humid regions. 

Whatever procedure the lab uses, soil test levels must be 

calibrated with the crop response to added nutrients. For 

example, do yields increase when you add phosphorus to 

a soil that tested low in P? In general, university and state 

labs in a given region use the same or similar procedures 

that have been calibrated for local soils and climate.

Reporting Soil Test Levels Differently
Different labs may report their results in different ways. 

Some	use	parts	per	million	(10,000	ppm	=	1%);	some	

use pounds per acre (usually by using parts per two 

million, which is twice the ppm level); and some use an 

index (for example, all nutrients are expressed on a scale 

of	1	to	100).	In	addition,	some	labs	report	phosphorus	

and potassium in the elemental form, while others use 

the oxide forms, P2O5	and	K2O.

Most testing labs report results as both a number 

and a category such as low, medium, optimum, high, 

and very high. However, although most labs consider 

high to be above the amount needed (the optimum), 

some labs use optimum and high interchangeably. If the 

significance	of	the	various	categories	is	not	clear	on	your	

report, be sure to ask. Labs should be able to furnish you 

with the probability of getting a response to added fertil-

izer for each soil test category.

Different Recommendation Systems
Even when labs use the same procedures, as is the case 

in most of the Midwest, different approaches to making 

recommendations lead to different amounts of recom-

mended fertilizer. Three different systems are used to 

make	fertilizer	recommendations	based	on	soil	tests:	(1)	

the	sufficiency-level	system;	(2)	the	buildup	and	main-

tenance system, and (3) the basic cation saturation ratio 

system	(only	used	for	Ca,	Mg,	and	K).

The sufficiency-level system suggests that there is 

a	point,	the	sufficiency	or	critical	soil	test	value,	above	

which there is little likelihood of crop response to an 

added nutrient. Its goal is not to produce the highest 

yield every year, but rather to produce the highest aver-

age return over time from using fertilizers. Experiments 

that relate yield increases with added fertilizer to soil 

test level provide much of the evidence supporting this 

approach. As the soil test level increases from optimum 

(or medium) to high, yields without adding fertilizer are 

close to the maximum obtained by adding more fertilizer 

(figure	21.1).	Of	course,	farmers	should	be	aiming	for	the	

maximum economic yields, which are slightly below the 

highest possible	yields,	as	indicated	in	figure	21.1.	

The buildup and maintenance system calls for build-

ing up soils to high levels of fertility and then keeping 

chAPter 21 getting the Most FroM routine soil tests

2014 Current Issue Study Packet pg 255



Building SoilS for Better CropS: SuStainaBle Soil ManageMent

238

them there by applying enough fertilizer to replace 

nutrients removed in harvested crops. This approach 

usually	recommends	more	fertilizer	than	the	sufficiency	

system. It is used mainly for phosphorus, potassium, and 

magnesium recommendations; it can also be used for cal-

cium when high-value vegetables are being grown on low-

CEC	soils.	However,	there	may	be	a	justification	for	using	

the buildup and maintenance approach for phosphorus 

and potassium—in addition to using it for calcium—on 

high-value	crops	because:	(1)	the	extra	costs	are	such	a	

small percent of total costs; and (2) when weather is sub-

optimal (cool and damp, for example), this approach may 

occasionally produce a higher yield that would more than 

cover the extra expense of the fertilizer. If you use this 

approach, you should pay attention to levels of phospho-

rus; adding more P when levels are already optimum can 

pose an environmental risk.

The basic cation saturation ratio system (BCSR;	

also called the base ratio system), a method for esti-

mating calcium, magnesium, and potassium needs, is 

based on the belief that crops yield best when calcium, 

magnesium, and potassium—usually 

the	dominant	cations	on	the	CEC—

are in a particular balance. This 

system was developed out of work 

by	Firman	E.	Bear	in	New	Jersey	

and William A. Albrecht in Missouri 

and has become accepted by many 

farmers despite a lack of modern 

research supporting the system (see 

“The	Basic	Cation	Saturation	Ratio	

System,”	p.	251).	Few	university	test-

ing laboratories use this system, but a 

number of private labs use it because 

many “alternative” and organic farm-

ers believe that it is valuable. This 

system calls for calcium to occupy 

about	60–80%	of	the	CEC,	magne-

sium	to	be	10–20%,	and	potassium	

2–5%.	This	is	based	on	the	notion	that	if	the	percent	

saturation	of	the	CEC	is	good,	there	will	be	enough	of	

each of these nutrients to support optimum crop growth. 

When	using	the	BCSR,	it	is	important	to	recognize	its	

practical	as	well	as	theoretical	flaws.	For	one,	even	when	

the ratios of the nutrients are within the recommended 

crop	guidelines,	there	may	be	such	a	low	CEC	(such	as	in	

a sandy soil that is very low in organic matter) that the 

amounts	present	are	insufficient	for	crops.	If	the	soil	has	

a	CEC	of	only	2	milliequivalents	per	100	grams	of	soil,	

for	example,	it	can	have	a	“perfect”	balance	of	Ca	(70%),	

Mg	(12.5%),	and	K	(3.5%)	but	contain	only	560	pounds	

Ca,	60	pounds	of	Mg,	and	53	pounds	of	K	per	acre	to	a	

depth of 6 inches. Thus, while these elements are in a 

supposedly good ratio to one another, there isn’t enough 

of any of them. The main problem with this soil is a low 

CEC;	the	remedy	is	to	add	a	lot	of	organic	matter	over	a	

period of years, and, if the pH is low, it should be limed. 

The opposite situation also needs attention. When 

there	is	a	high	CEC	and	satisfactory	pH	for	the	crops	

being grown, even though there is plenty of a particular 

(medium)
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Figure 21.1. Percent of maximum yield with different K soil test levels.
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nutrient, the cation ratio system may call for adding 

more. This can be a problem with soils that are naturally 

moderately high in magnesium, because the recommen-

dations may call for high amounts of calcium and potas-

sium to be added when none are really needed—wasting 

the farmer’s time and money.

Research indicates that plants do well over a broad 

range	of	cation	ratios,	as	long	as	there	are	sufficient	sup-

plies of potassium, calcium, and magnesium. However, 

the ratios are sometimes out of balance. For example, 

when	magnesium	occupies	more	than	50%	of	the	CEC	in	

soils with low organic matter and low aggregate stabil-

ity, using gypsum (calcium sulfate) may help restore 

aggregation because of the extra calcium as well as the 

higher level of dissolved salts. As mentioned previously, 

liming very acidic soils sometimes results in decreased 

potassium availability, and this would be apparent when 

using	the	cation	ratio	system.	The	sufficiency	system	

would also call for adding potassium, because of the low 

potassium levels in these limed soils.

The	sufficiency-level	approach	is	used	by	most	fertil-

ity recommendation systems for potassium, magnesium, 

and calcium, as well as phosphorus and nitrogen (where 

N tests are available). It generally calls for lower applica-

tion rates for potassium, magnesium, and calcium and is 

more	consistent	with	the	scientific	data	than	the	cation	

ratio system. The cation ratio system can be used to 

reduce	the	chance	of	nutrient	deficiencies,	if	interpreted	

with care and common sense—not ignoring the total 

amounts present and paying attention to the implica-

tions of a soil’s pH. Using this system, however, will 

usually mean applying more nutrients than suggested by 

the	sufficiency	system—with	a	low	probability	of	actually	

getting a higher yield or better crop quality.

Labs sometimes use a combination of these systems, 

something like a hybrid approach. Some laboratories 

that	use	the	sufficiency	system	will	have	a	target	for	

magnesium but then suggest adding more if the potas-

sium level is high. Others may suggest that higher 

potassium	levels	are	needed	as	the	soil	CEC	increases.	

These	are	really	hybrids	of	the	sufficiency	and	cation	

ratio systems. At least one state university lab uses the 

sufficiency	system	for	potassium	and	a	cation	ratio	

system for calcium and magnesium. Also, some labs 

assume that soils will not be tested annually. The recom-

mendation that they give is, therefore, produced by the 

sufficiency	system	(what	is	needed	for	the	crop)	with	a	

certain amount added for maintenance. This is done to 

be sure there is enough fertility in the following year.

Plant Tissue Tests
Soil tests are the most common means of assessing fer-

tility needs of crops, but plant tissue tests are especially 

useful for nutrient management of perennial crops, 

such as apples, blueberries, citrus and peach orchards, 

and vineyards. For most annuals, including agronomic 

and vegetable crops, tissue testing, though not widely 

used, can help diagnose problems. The small sampling 

window available for most annuals and an inability to 

effectively fertilize them once they are well established, 

To estimate the percentages of the various cations on 

the CEC, the amounts need to be expressed in terms 

of quantity of charge. Some labs give concentration 

by both weight (ppm) and charge (me/100g). If you 

want to convert from ppm to me/100g, you can do it 

as follows:

(Ca in ppm)/200 = Ca in me/100g

(Mg in ppm)/120 = Mg in me/100g

(K in ppm)/390 =  K in me/100g 

As discussed in chapter 20, adding up the amount of 

charge due to calcium, magnesium, and potassium 

gives a very good estimate of the CEC for most soils 

above pH 5.5.
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except for N during early growth stages, limit the useful-

ness of tissue analysis for annual crops. However, leaf 

petiole nitrate tests are sometimes done on potato and 

sugar	beets	to	help	fine-tune	in-season	N	fertilization.	

Petiole nitrate is also helpful for N management of 

cotton and for help managing irrigated vegetables, espe-

cially during the transition from vegetative to reproduc-

tive growth. With irrigated crops, particularly when the 

drip system is used, fertilizer can be effectively delivered 

to the rooting zone during crop growth.

What Should You Do?
After reading the discussion above you may be some-

what bewildered by the different procedures and ways 

of expressing results, as well as the different recom-

mendation approaches. It is bewildering. Our general 

suggestions of how to deal with these complex issues are 

as follows:

1.	 Send	your	soil	samples	to	a	lab	that	uses	tests	evalu-

ated for the soils and crops of your state or region. 

Continue	using	the	same	lab	or	another	that	uses	the	

same system.

2.  If you’re growing low value-per-acre crops (wheat, 

corn, soybeans, etc.), be sure that the recommenda-

tion	system	used	is	based	on	the	sufficiency	ap-

proach. This system usually results in lower fertilizer 

rates and higher economic returns for low-value 

crops.	(It	is	not	easy	to	find	out	what	system	a	lab	

uses. Be persistent, and you will get to a person who 

can answer your question.)

3. Dividing a sample in two and sending it to two labs 

may result in confusion. You will probably get differ-

ent	recommendations,	and	it	won’t	be	easy	to	figure	

out which is better for you, unless you are willing to 

do a comparison of the recommendations. In most 

cases you are better off staying with the same lab and 

learning	how	to	fine-tune	the	recommendations	for	

your farm. If you are willing to experiment, however, 

you can send duplicate samples to two different labs, 

with one going to your state-testing laboratory. In 

general, the recommendations from state labs call for 

less, but enough, fertilizer. If you are growing crops 

over a large acreage, set up a demonstration or experi-

ment	in	one	field	by	applying	the	fertilizer	recom-

mended by each lab over long strips and see if there 

is any yield difference. A yield monitor for grain crops 

would be very useful for this purpose. If you’ve never 

set	up	a	field	experiment	before,	you	should	ask	your	

extension	agent	for	help.	You	might	also	find	SARE’s	

brochure How to Conduct Research on Your Farm or 

Ranch of use (see “Sources” at the end of the chapter).

4.	 	Keep	a	record	of	the	soil	tests	for	each	field,	so	that	

you	can	track	changes	over	the	years	(figure	21.2).	If	

records show a buildup of nutrients to high levels, 

reduce nutrient applications. If you’re drawing nutri-

ent levels down too low, start applying fertilizers or 

off-farm organic nutrient sources. In some rotations, 

such	as	the	corn–corn–four	years	of	hay	shown	at	

recoMMendAtIon sYsteM coMPArIson
Most university testing laboratories use the suffi-

ciency-level system, but some make potassium or 

magnesium recommendations by modifying the 

sufficiency system to take into account the portion 

of the CEC occupied by the nutrient. The buildup and 

maintenance system is used by some state university 

labs and many commercial labs. An extensive evalua-

tion of different approaches to fertilizer recommenda-

tions for agronomic crops in Nebraska found that the 

sufficiency-level system resulted in using less fertilizer 

and gave higher economic returns than the buildup 

and maintenance system. Studies in Kentucky, Ohio, 

and Wisconsin have indicated that the sufficiency sys-

tem is superior to both the buildup and maintenance 

and cation ratio systems.
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the	bottom	of	figure	21.2,	it	makes	sense	to	build	up	

nutrient levels during the corn phase and draw them 

down during the hay phase. 

SOIl TESTINg FOR NITROgEN
Soil samples for nitrogen tests are usually taken at a dif-

ferent time and using a different method than samples 

for the other nutrients (which are typically sampled to 

plow depth in the fall or spring). 

In the humid regions of the U.S. there was no reli-

able	soil	test	for	N	availability	before	the	mid-1980s.	The	

nitrate test commonly used for corn in humid regions 

was	developed	during	the	1980s	in	Vermont.	It	is	usually	

called the pre-sidedress nitrate test (PSNT) but is also 

called the late spring nitrate test (LSNT) in parts of the 

Midwest. In this test a soil sample is taken to a depth of 

1	foot	when	corn	is	between	6	inches	and	1	foot	tall.	The	

original idea behind the test was to wait as long as pos-

sible before sampling, because soil and weather condi-

tions in the early growing season may reduce or increase 

N availability for the crop later in the season. After the 

corn	is	1	foot	tall,	it	is	difficult	to	get	samples	to	a	lab	

and back in time to apply any needed sidedress N fertil-

izer.	The	PSNT	is	now	used	on	field	corn,	sweet	corn,	

pumpkins, and cabbage. Although it is widely used, it is 

not very accurate in some situations, such as the sandy 

coastal plains soils of the Deep South.

Different approaches to using the PSNT work for 

different farms. In general, using the soil test allows a 

farmer to avoid adding excess amounts of “insurance 

fertilizer.” Two contrasting examples follow:

•		 For farms using rotations with legume  

forages and applying animal manures regu-

larly (so there’s a lot of active soil organic 

matter), the best way to use the test is to apply only 

the	amount	of	manure	necessary	to	provide	suffi-

cient N to the plant. The PSNT will indicate whether 

the farmer needs to side-dress any additional N 

fertilizer. It will also indicate whether the farmer has 

done a good job of estimating N availability from 

manures.

•		 For farms growing cash grains without using 

legume cover crops, it’s best to apply a conser-

vative amount of fertilizer N before planting and 

then use the test to see if more is needed. This is 
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Figure 21.2. Soil test phosphorus and potassium trends under different 
fertility management regimes. Modified from The Penn State Agronomy 
Guide (2007–2008).
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especially important in regions where rainfall cannot 

always be relied upon to quickly bring fertilizer into 

contact with roots. The PSNT test provides a backup 

and allows the farmer to be more conservative with 

preplant applications, knowing that there is a way to 

make	up	any	possible	deficit.

Other Nitrogen Soil Tests
In humid regions there is no other widely used soil test 

for N availability. A few states in the upper Midwest 

offer a pre-plant nitrate test, which calls for sampling 

to 2 feet in the spring. For a number of years there was 

considerable interest in the Illinois Soil Nitrogen Test. 

The ISNT, which measures the amino-sugar portion of 

soil N, has unfortunately been found to be an unreliable 

predictor of whether the plant needs extra N.

In the drier parts of the country, a nitrate soil test 

that requires samples to 2 feet or more has been used 

with	success	since	the	1960s.	The	deep-soil	samples	can	

be taken in the fall or early spring, before the grow-

ing	season,	because	of	low	leaching	and	denitrification	

losses and low levels of active organic matter (so hardly 

any nitrate is mineralized from organic matter). Soil 

samples can be taken at the same time for analysis for 

other nutrients and pH.

SOIl TESTINg FOR P
Soil test procedures for phosphorus are different than 

those for nitrogen. When testing for phosphorus, the 

soil is usually sampled to plow depth in the fall or in 

the early spring before tillage and the sample usually 

analyzed for phosphorus, potassium, sometimes other 

nutrients (such as calcium, magnesium, and micronutri-

ents), and pH. The methods used to estimate available P 

vary from region to region and sometimes from state to 

state	within	a	region	(table	21.1).	Although	the	relative	

test value for a given soil is usually similar according to 

different soil tests (for example, a high P-testing soil by 

one procedure is generally also high by another proce-

dure),	the	actual	numbers	can	be	different	(table	21.2).

The various soil tests for P take into account a large 

portion of the available P contained in recently applied 

manures and the amount that will become available 

from the soil minerals. However, if there is a large 

amount of active organic matter in your soils from crop 

residues or manure additions in previous years, there 

Table 21.2
Interpretation Ranges for Different P Soil Tests

Low Optimum High Very High

Olsen 0–7 7–15 15–21 >21

Morgan 0–4 4–7 7–20 >20

Bray 1 (Bray P-1) 0–15 15–24 24–31 >31

Mehlich 1 0–25 25–50 >50

Mehlich 3 0–15 15–31 24–31 >31

AB-DTPA (for 
irrigated crops) 0–7 8–11 12–15 >15

Note: Units are in parts per million phosphorus (ppm P), and ranges used 
for recommendations may vary from state to state.

Table 21.1
Phosphorus Soil Tests Used in Different Regions

Region Soil Test Solutions Used for P

Arid and semiarid Midwest,  
West, and Northwest

Olsen
AB-DTPA

Humid Midwest, mid-Atlantic, 
Southeast, and eastern Canada

Mehlich 3
Bray 1 (also called Bray P-1 or 
Bray-Kurtz P)

North Central and Midwest Bray 1 (also called Bray P-1 or 
Bray-Kurtz P)

Southeast and mid-Atlantic Mehlich 1

Northeast (New york and most  
of New England), some labs  
in Idaho and Washington

Morgan or modified Morgan 
Mehlich 3

Source: Modified from Allen, Johnson, and Unruh et al. (1994).
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may well be more available P for plants than indicated 

by	the	soil	test.	(On	the	other	hand,	the	PSNT	reflects	

the amount of N that may become available from 

decomposing organic matter.)

TESTINg SOIlS FOR ORgANIc MATTER
A word of caution when comparing your soil test organic 

matter levels with those discussed in this book. If your 

laboratory reports organic matter as “weight loss” at 

high temperature, the numbers may be higher than if 

the lab uses the traditional wet chemistry method. A soil 

with	3%	organic	matter	by	wet	chemistry	might	have	a	

weight-loss	value	of	between	4%	and	5%.	Most	labs	use	

a correction factor to approximate the value you would 

get by using the wet chemistry procedure. Although 

either method can be used to follow changes in your soil, 

when you compare soil organic matter of samples run 

in different laboratories, it’s best to make sure the same 

method was used.

There is now a laboratory that will determine various 

forms of living organisms in your soil. Although it costs 

quite a bit more than traditional testing for nutrients or 

organic	matter,	you	can	find	out	the	amount	(weight)	

of fungi and bacteria in a soil, as well as obtaining an 

analysis for other organisms. (See the “Resources” sec-

tion,	p.	283,	for	laboratories	that	run	tests	in	addition	to	

basic soil fertility analysis.)  

INTERPRETINg SOIl TEST RESUlTS
Below	are	five	soil	test	examples,	including	discussion	

about what they tell us and the types of practices farm-

ers should follow to satisfy plant nutrient needs on these 

soils. Suggestions are provided for conventional farmers 

and organic producers. These are just suggestions—

there are other satisfactory ways to meet the needs of 

crops growing on the soils sampled. The soil tests were 

run by different procedures, to provide examples from 

around the U.S. Interpretations of a number of com-

monly used soil tests—relating test levels to general 

fertility categories—are given later in the chapter (see 

tables	21.3	and	21.4,	pp.	249,	250).	Many	labs	estimate	

the cation exchange capacity that would exist at pH 7 (or 

even	higher).	Because	we	feel	that	the	soil’s	current	CEC	

is	of	most	interest	(see	chapter	20),	the	CEC	is	estimated	

by summing the exchangeable bases. The more acidic a 

soil,	the	greater	the	difference	between	its	current	CEC	

and	the	CEC	it	would	have	near	pH	7.

Following	the	five	soil	tests	below	is	a	section	on	

modifying recommendations for particular situations.

unusuAL soIL tests
From time to time we’ve come across unusual soil test 

results. A few examples and their typical causes are 

given below:

•  Very high phosphorus levels—High poultry or other 

manure application over many years.

•  Very high salt concentration in humid region—

Recent application of large amounts of poultry 

manure, or location immediately adjacent to road 

where de-icing salt was used.

•  Very high pH and high calcium levels relative to 

potassium and magnesium—Large amounts of lime-

stabilized sewage sludge used.

•  Very high calcium levels given the soil’s texture and 

organic matter content—Use of an acid solution, 

such as the Morgan, Mehlich 1, or Mehlich 3, to ex-

tract soils containing free limestone, causing some 

of the lime to dissolve. 

•  Soil pH >7 and very low P—Use of an acid such as 

Mehlich I or Mehlich 3 on an alkaline, calcareous 

soil; the soil neutralizes much of the acid, and so 

little P is extracted.
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MEASUREMENT LBS/ACRE PPM Soil Test CATEGORY Recommendation SUMMARY

P 4 2 low 50–70 lbs P2O5/acre

K 100 50 low 150–200 lbs K2O/acre

Mg 60 30 low lime (see below)

Ca 400 200 low lime (see below)

pH 5.4 2 tons dolomitic limestone/acre

   CEC** 1.4 me/100g

OM 1% add organic matter: compost,  
cover crops, animal manures

PSNT 5 low side-dress 80–100 lbs N/acre
 

What can we tell about soil #1 based on the soil test?
•  It is too acidic for most agricultural crops, so lime is needed.
•  Phosphorus is low, as are potassium, magnesium, and calcium. All should 

be applied.
•  This low organic matter soil is probably also low in active organic matter 

(indicated by the low PSNT test, see table 21.4A) and will need an applica-
tion of nitrogen. (The PSNT is done during the growth of the crop, so it is 
difficult to use manure to supply extra N needs indicated by the test.)

•  The coarse texture of the soil is indicated by the combination of low 
organic matter and low CEC.

General recommendations:
1.  Apply dolomitic limestone, if available, in the fall at about 2 tons per acre 

(and work it into the soil and establish a cover crop if possible). This will 
take care of the calcium and magnesium needs at the same time the soil’s 
pH is increased. It will also help make soil phosphorus more available, as 
well as increasing the availability of any added phosphorus.

2. Because no manure is to be used after the test is taken, broadcast  
significant amounts of phosphate (P2O5—probably around 50 to 70 
pounds per acre) and potash (K2O—around 150 to 200 pounds per acre). 
Some phosphate and potash can also be applied in starter fertilizer 
(band-applied at planting). Usually, N is also included in starter fertilizer, 
so it might be reasonable to use about 300 pounds of a 10-10-10 fertilizer, 
which will apply 30 pounds of N, 30 pounds of phosphate, and 30 pounds 
of potash per acre. If that rate of starter is to be used, broadcast 400 
pounds per acre of a 0-10-30 bulk blended fertilizer. The broadcast plus 
the starter will supply 30 pounds of N, 70 pounds of phosphate, and 150 
pounds of potash per acre. 

3. If only calcitic (low-magnesium) limestone is available, use sul-po-mag as 
the potassium source in the bulk blend to help supply magnesium.

4. Nitrogen should be side-dressed at around 80 to 100 (or more) pounds 
per acre for N-demanding crops such as corn or tomatoes. About 300 

pounds of ammonium nitrate or 220 pounds of urea per acre will supply 
100 pounds of N.

5. Use various medium- to long-term strategies to build up soil organic 
matter, including the use of cover crops and animal manures.

 Most of the nutrient needs of crops on this soil could have been met 
by using about 20 tons wet weight of solid cow manure per acre or 
its equivalent. It is best to apply it in the spring, before planting. If the 
manure had been applied, the PSNT test would probably have been quite 
a bit higher, perhaps around 25 ppm.

Recommendations for organic producers:
1.  Use dolomitic limestone to increase the pH (as recommended for the 

conventional farmer, above). It will also help make soil phosphorus more 
available, as well as increasing the availability of any added phosphorus.

2.  Apply 2 tons per acre of rock phosphate, or about 5 tons of poultry 
manure for phosphorus, or—better yet—a combination of 1 ton rock 
phosphate and 2  1/2 tons of poultry manure. If the high level of rock 
phosphate is applied, it should supply some phosphorus for a long time, 
perhaps a decade.

3.  If poultry manure is used to raise the phosphorus level, add 2 tons of 
compost per acre to provide some longer-lasting nutrients and humus. If 
rock phosphate is used to supply phosphorus, use livestock manure and 
compost (to add N, potassium, magnesium, and some humus).

4.  Establish a good rotation with soil-building crops and legume cover 
crops.

5.  Use manure with care. Although the application of uncomposted manure 
is allowed by organic-certifying organizations, there are restrictions. 
For example, four months may be needed between application of 
uncomposted manure and either harvest of crops with edible portions 
in contact with soil or planting of crops that accumulate nitrate, such as 
leafy greens or beets. A three-month period may be needed between 
uncomposted manure application and harvest of other food crops.

—SOIL TEST #1—
(New England)

Soil Test #1 Report Summary*

Field name: North

Sample date: September  
(PSNT sample taken the 
following June)

Soil type: loamy sand

Manure added: none

Cropping history: mixed 
vegetables

Crop to be grown: mixed 
vegetables

*Nutrients were extracted by modified Morgan’s solution (see table 21.3A for interpretations).
**CEC by sum of bases. The estimated CEC would probably double if “exchange acidity” were determined and added to the sum of bases.
Note: ppm = parts per million; P = phosphorus; K = potassium; Mg = magnesium; Ca = calcium; OM = organic matter; me = milliequivalent;  
PSNT = pre-sidedress nitrate test; N = nitrogen.
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MEASUREMENT LBS/ACRE PPM Soil Test CATEGORY Recommendation SUMMARY

P 174 87 high none

K 360 180 high none

Mg 274 137 high none

Ca 3,880 1,940 high no lime needed

pH 7.2

CEC 11.7 me/100g

OM 3% add organic matter: compost, 
cover crops, animal manures

N no soil test little to no N needed

What can we tell about soil #2 based on the soil test?
•  The high pH indicates that this soil does not need any lime.
•  Phosphorus is high, as are potassium, magnesium, and calcium (see 

table 21.3D).
•  The organic matter is very good for a silt loam.
•  There was no test done for nitrogen, but this soil probably supplies a 

reasonable amount of N for crops, because the farmer uses legume 
cover crops and allows them to produce a large amount of dry matter.

General recommendations:
1.  Continue building soil organic matter.
2.  No phosphate, potash, or magnesium needs to be applied. The lab 

that ran this soil test recommended using 38 pounds of potash and 150 

pounds of magnesium (MgO) per acre. However, with a high K level, 
180 ppm (about 8% of the CEC) and a high Mg, 137 ppm (about 11% of 
the CEC), there is a very low likelihood of any increase in yield or crop 
quality from adding either element.

3.  Nitrogen fertilizer is probably needed in only small to moderate 
amounts (if at all), but we need to know more about the details of the 
cropping system or run a nitrogen soil test to make a more accurate 
recommendation.

Recommendations for organic producers:
1.  A good rotation with legumes and fall legume cover crops will provide 

nitrogen for other crops and prevent loss of soluble nutrients.

—SOIL TEST #2—
(Pennsylvania and New York)

Soil Test #2 Report Summary*

Field name: Smith upper
Sample date: November  
(no sample for PSNT will  
be taken)
Soil type: silt loam
Manure added: none this  
year (some last year)
Cropping history: legume  
cover crops used routinely
Crop to be grown: corn

*Soil was sent to a commercial laboratory and extracted for P using the Bray-1 solution. This is probably the equivalent of over 20 ppm by using the 
Morgan or Olsen procedures. Other nutrients were extracted with pH 7 ammonium acetate (see table 21.3D).
Note: ppm = parts per million; P = phosphorus; K = potassium; Mg = magnesium; Ca = calcium; OM = organic matter; me = milliequivalent;  
PSNT = pre-sidedress nitrate test; N = nitrogen.
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What can we tell about soil #3 based on the soil test?
•  The high pH indicates that this soil does not need any lime.
•  Phosphorus and potassium are low. [Note: 20 pounds of P per acre is 

low, according to the soil test used (Mehlich 3). If another test, such as 
Morgan’s solution, was used, a result of 20 pounds of P per acre would 
be considered a high result.]

•  The organic matter is relatively high. However, considering that this is a 
somewhat poorly drained clay, it probably should be even higher.

•  About half of the CEC is probably due to the organic matter and the 
rest probably due to the clay.

•  Low potassium indicates that this soil has probably not received high 
levels of manures recently.

•  There was no test done for nitrogen, but given the field’s history of 
continuous corn and little manure, there is probably a need for nitro-
gen. A low amount of active organic matter that could have supplied 
nitrogen for crops is indicated by the history (the lack of rotation to 
perennial legume forages and lack of manure use) and the moderate 
percent of organic matter (considering that it is a clay soil).

General recommendations:
1. This field should probably be rotated to a perennial forage crop.
2. Phosphorus and potassium are needed—probably around 30 pounds 

of phosphate and 200 or more pounds of potash applied broadcast, 
preplant, if a forage crop is to be grown. If corn will be grown again, all 
of the phosphate and 30 to 40 pounds of the potash can be applied 
as starter fertilizer at planting. Although magnesium, at about 3% of 
the effective CEC, would be considered low by relying exclusively on 
a basic cation saturation ratio system recommendation, there is little 
likelihood of an increase in crop yield or quality by adding magnesium.

3. Nitrogen fertilizer is probably needed in large amounts (100 to 130 
pounds/acre) for high N-demanding crops, such as corn. If no in-season 
soil test (like the PSNT) is done, some preplant N should be applied 
(around 50 pounds/acre), some in the starter band at planting (about 15 
pounds/acre) and some side-dressed (about 50 pounds).

4. One way to meet the needs of the crop is as follows:
 a. broadcast 500 pounds per acre of an 11-0-44 bulk blended fertilizer;
 b. use 300 pounds per acre of a 5-10-10 starter; and
 c. side-dress with 150 pounds per acre of ammonium nitrate.

This will supply approximately 120 pounds of N, 30 pounds of 
phosphate, and 210 pounds of potash.

Recommendations for organic producers:
1. Apply 2 tons per acre of rock phosphate (to meet P needs) or about 5 

to 8 tons of poultry manure (which would meet both phosphorus and 
nitrogen needs), or a combination of the two (1 ton rock phosphate and 
3 to 4 tons of poultry manure).

2. Apply 400 pounds of potassium sulfate per acre broadcast preplant. (If 
poultry manure is used to meet phosphorus and nitrogen needs, use 
only 200 to 300 pounds of potassium sulfate per acre.)

3.  Use manure with care. Although the application of uncomposted 
manure is allowed by organic-certifying organizations, there are restric-
tions. For example, four months may be needed between application 
of uncomposted manure and either harvest of crops with edible por-
tions in contact with soil or planting of crops that accumulate nitrate, 
such as leafy greens or beets. A three-month period may be needed 
between uncomposted manure application and harvest of other food 
crops. 
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Field name: #12
Sample date: December (no 
sample for PSNT will be taken)
Soil type: clay (somewhat 
poorly drained)
Manure added: none
Cropping history: continuous 
corn
Crop to be grown: corn 

—SOIL TEST #3—
(Humid Midwest)

Soil Test #3 Report Summary*

MEASUREMENT LBS/ACRE PPM Soil Test CATEGORY Recommendation SUMMARY

P 20 10 very low 30 lbs P2O5/acre

K 58 29 very low 200 lbs K2O/acre

Mg 138 69 high none

Ca 8,168 4,084 high none

pH 6.8 no lime needed

CEC 21.1 me/100g

OM 4.3% rotate to forage legume crop

N no N soil test 100–130 lbs N/acre

*All nutrient needs were determined using the Mehlich 3 solution (see table 21.3C). 
Note: ppm = parts per million; P = phosphorus; K = potassium; Mg = magnesium; Ca = calcium; OM = organic matter; me = milliequivalent;  
PSNT = pre-sidedress nitrate test; N = nitrogen.
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What can we tell about soil #4 based on the soil test?
•  With a pH of 6.5, this soil does not need any lime.
•  Phosphorus is very high, and potassium and magnesium are sufficient.
•  Magnesium is high, compared with calcium (Mg occupies over 26% of 

the CEC).
•  The low CEC at pH 6.5 indicates that the organic matter content is 

probably around 1–1.5%.

General recommendations:
1. No phosphate, potash, magnesium, or lime is needed.
2. Nitrogen should be applied, probably in a split application totaling 

about 70 to 100 pounds N per acre.
3. This field should be rotated to other crops and cover crops used 

regularly.

Recommendations for organic producer:
1. Although poultry or dairy manure can meet the crops’ needs, that 

means applying phosphorus on an already high-P soil. If there is no 
possibility of growing an overwinter legume cover crop (see recom-
mendation #2), about 15 to 20 tons of bedded dairy manure (wet 
weight) should be sufficient. Another option for supplying some of 
the crops’ need for N without adding more P is to use Chilean nitrate 
until good rotations with legume cover crops are established.

2. If time permits, plant a high-N-producing legume cover crop, such as 
hairy vetch or crimson clover, to provide nitrogen to cash crops.

3.  Develop a good rotation so that all the needed nitrogen will be sup-
plied to nonlegumes between the rotation crops and cover crops.

4. Although the application of uncomposted manure is allowed by 
organic-certifying organizations, there are restrictions when growing 
food crops. Check with the person doing your certification to find out 
what restrictions apply to cotton.
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—SOIL TEST #4—
(Alabama)

Soil Test #4 Report Summary*

Field name: River A
Sample date: October
Soil type: sandy loam
Manure added: none
Cropping history:  
continuous cotton
Crop to be grown: cotton

MEASUREMENT LBS/ACRE PPM Soil Test CATEGORY Recommendation SUMMARY

P 102 51 very high none

K 166 83 high none

Mg 264 132 high none

Ca 1,158 579 none

pH 6.5 no lime needed

CEC 4.2 me/100g

OM not requested use legume cover crops,  
consider crop rotation

N no N soil test 70–100 lbs N/acre

*All nutrient needs were determined using the Mehlich 1 solution (see table 21.3B).
Note: ppm = parts per million; P = phosphorus; K = potassium; Mg = magnesium; Ca = calcium; OM = organic matter; me = milliequivalent;  
PSNT = pre-sidedress nitrate test; N = nitrogen.
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What can we tell about soil #5 based on the soil test?
•  The pH of 8.1 indicates that this soil is most likely calcareous.
•  Phosphorus is low, there is sufficient magnesium, and potassium is 

very high.
•  Although calcium was not determined, there will be plenty in a calcar-

eous soil.
•  The organic matter at 1.8% is low for a silt loam soil.
•  The nitrogen test indicates a low amount of residual nitrate (table 

21.4B), and, given the low organic matter level, a low amount of N 
mineralization is expected.

General recommendations:
1. No potash, magnesium, or lime is needed.
2. About 170 pounds of N per acre should be applied. Because of the low 

amount of leaching in this region, most can be applied preplant, with 
perhaps 30 pounds as a starter (applied at planting). Using 300 pounds 
per acre of a 10-10-0 starter would supply all P needs (see recommen-
dation #3) as well as provide some N near the developing seedling. 
Broadcasting and incorporating 300 pounds of urea or 420 pounds of 
ammonium nitrate will provide 140 pounds of N.

3. About 20 to 40 pounds of phosphate is needed per acre. Apply the 
lower rate as a starter, because localized placement results in more 
efficient use by the plant. If phosphate is broadcast, apply at the 
40-pound rate.

4. The organic matter level of this soil should be increased. This field 
should be rotated to other crops and cover crops used regularly.

Recommendations for organic producers:
1.  Because rock phosphate is so insoluble in high-pH soils, it would be 

a poor choice for adding P. Poultry manure (about 6 tons per acre) or 
dairy manure (about 25 tons wet weight per acre) can be used to meet 
the crop’s needs for both N and P. However, that means applying more 
P than is needed, plus a lot of potash (which is already at very high 
levels). Fish meal might be a good source of N and P without adding K.

2.  A long-term strategy needs to be developed to build soil organic 
matter—better rotations, use of cover crops, and importing organic 
residues onto the farm.

3. Use manure with care. Although the application of uncomposted 
manure is allowed by organic-certifying organizations, there are 
restrictions. For example, three months may be needed between 
application of uncomposted manure and either harvest of root crops 
or planting of crops that accumulate nitrate, such as leafy greens or 
beets. A two-month period may be needed between uncomposted 
manure application and harvest of other food crops.
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—SOIL TEST #5—
(Semiarid Great Plains)

Soil Test #5 Report Summary*

Field name: Hill
Sample date: April
Soil type: silt loam
Manure added: none indicated
Cropping history: not indicated
Crop to be grown: corn

MEASUREMENT LBS/ACRE PPM Soil Test CATEGORY Recommendation SUMMARY

P 14 7 low 20–40 lbs P2O5

K 716 358 very high none

Mg 340 170 high none

Ca not determined none

pH 8.1 no lime needed

CEC not determined

OM 1.8% use legume cover crops, consider 
rotation to other crops that produce 

large amounts of residues

N 5.8 ppm 170 lbs N/acre

*K and Mg extracted by neutral ammonium acetate, P by the Olsen solution (see table 21.3D).
Note: ppm = parts per million; P = phosphorus; K = potassium; Mg = magnesium; Ca = calcium; OM = organic matter; me = milliequivalent;  
PSNT = pre-sidedress nitrate test; N = nitrogen.
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ADJUSTINg A SOIl TEST REcOMMENDATION
Specific	recommendations	must	be	tailored	to	the	crops	

you want to grow, as well as other characteristics of 

the particular soil, climate, and cropping system. Most 

soil test reports use information that you supply about 

manure use and previous crops to adapt a general rec-

ommendation for your situation. However, once you feel 

comfortable with interpreting soil tests, you may also 

want to adjust the recommendations for a particular 

need. What happens if you decide to apply manure after 

you sent in the form along with the soil sample? Also, 

you usually don’t get credit for the nitrogen produced by 

legume cover crops because most forms don’t even ask 

about their use. The amount of available nutrients from 

legume cover crops and from manures is indicated in 

table	21.5.	If	you	don’t	test	your	soil	annually,	and	the	

recommendations you receive are only for the current 

year,	you	need	to	figure	out	what	to	apply	the	next	year	

or two, until the soil is tested again.

No single recommendation, based only on the soil 

test, makes sense for all situations. For example, your 

gut might tell you that a test is too low (and fertilizer 

recommendations are too high). Let’s say that although 

you	broadcast	100	pounds	N	per	acre	before	plant-

ing, a high rate of N fertilizer is recommended by the 

in-season nitrate test (PSNT), even though there wasn’t 

enough rainfall to leach out nitrate or cause much loss 

by	denitrification.	In	that	case,	you	might	not	want	to	

apply the full amount recommended.

Another example: A low potassium level in a soil 

A. Modified Morgan’s Solution (Vermont)

Category Very 
Low Low Optimum High Excessive

Probability of 
response to 
added nutrient

Very 
High High Low Very  

Low

Available P (ppm) 0–2 2.1–4.0 4.1–7 7.1–20

K (ppm) 0–50 51–100 101–130 131–160 >160

Mg (ppm) 0–35 36–50 51–100 >100

B. Mehlich 1 Solution (Alabama)*

Category Very 
Low Low Optimum High Excessive

Probability of 
response to 
added nutrient

Very 
High High Low Very  

Low

Available P (ppm) 0–6 7–12 13–25 26–50 >50

K (ppm) 0–22 23–45 46–90 >90

Mg (ppm)** 0–25 >25

Ca for tomatoes 
(ppm)*** 0–150 151–250 >250

*From Hanlon (1998).
**For corn, legumes, and vegetables on soils with CECs greater than 4.6 me/100g.
***For corn, legumes, and vegetables on soils with CECs from 4.6 to 9.0 me/100g.

C. Mehlich 3 Solution (North Carolina)*

Category Very 
Low Low Optimum High Excessive

Probability of 
response to 
added nutrient

Very 
High High Low Very  

Low

Available P (ppm) 0–12 13–25 26–50 51–125 >125

K (ppm) 0–43 44–87 88–174 >174

Mg (ppm)** 0–25 >25

*From Hanlon (1998).
**Percent of CEC is also a consideration.

D. Neutral Ammonium Acetate Solution for K and Mg and  
Olsen or Bray-1 for P (Nebraska [P and K], Minnesota [Mg])

Category Very 
Low Low Optimum High Excessive

Probability of 
response to 
added nutrient

Very 
High High Low Very  

Low

P (Olson, ppm) 0–3 4–10 11–16 17–20 >20

P (Bray-1, ppm) 0–5 6–15 16–24 25–30 >30

K (ppm) 0–40 41–74 75–124 125–150 >150

Mg (ppm) 0–50 51–100 >101

Table 21.3
Soil Test Categories for Various Extracting Solutions
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test (let’s say around 40 ppm) will certainly mean that 

you should apply potassium. But how much should you 

use? When and how should you apply it? The answer 

to these two questions might be quite different on a 

low organic matter, sandy soil where high amounts of 

rainfall normally occur during the growing season (in 

which case, potassium may leach out if applied the pre-

vious fall or early spring) versus a high organic matter, 

clay	loam	soil	that	has	a	higher	CEC	and	will	hold	on	to	

potassium added in the fall. This is the type of situation 

that dictates using labs whose recommendations are 

developed for soils and cropping systems in your home 

state or region. It also is an indication that you may need 

to	modify	a	recommendation	for	your	specific	situation.

MAKINg ADJUSTMENTS TO  
FERTIlIZER APPlIcATION RATES
If information about cropping history, cover crops, and 

manure use is not provided to the soil testing laboratory, 

the report containing the fertilizer recommendation can-

not take those factors into account. Below is an example 

of how you can modify the report’s recommendations:

A.  Pre-Sidedress Nitrate Test (PSNT)*

Category Very 
Low Low Optimum High Excessive

Probability of 
response to 
added nutrient

Very 
High High Low Very  

Low

Nitrate-N (ppm) 0–10 11–22 23–28 29–35 >35

*Soil sample taken to 1 foot when corn is 6–12 inches tall.

B. Deep (4-ft) Nitrate Test (Nebraska)

Category Very 
Low Low Optimum High Excessive

Probability of 
response to 
added nutrient

Very 
High High Low Very  

Low

Nitrate-N (ppm) 0–6 7–15 15–18 19–25 >25

Table 21.4
Soil Test Categories for Nitrogen Tests

Table 21.5
Amounts of Available Nutrients from  

Manures and Legume Cover Crops

Legume cover crops* N
lbs/acre

Hairy vetch 70–140

Crimson clover 40–90

Red and white clovers 40–90

Medics 30–80

N P
2
O

5
K

2
O

Manures** lbs per ton manure

Dairy 6 4 10

Poultry 20 15 10

Hog 6 3 9

*Amount of available N varies with amount of growth.
**Amount of nutrients varies with diet, storage, and application method.  
Note: Quantities given in this table are somewhat less than for the total 
amounts given in table 12.1, p. 131.

chAPter 21 getting the Most FroM routine soil tests

Worksheet for Adjusting Fertilizer Recommendations

N P2O5 K2O

Soil test recommentation (lbs/acre) 120 40 140

Accounts for contributions from the soil. 
Accounts for nutrients contributed from 
manure and previous crop only if information 
is included on form sent with soil sample.

Credits

(Use only if not taken into account in  
recommendation received from lab.)

Previous crop (already taken into account) -0

Manure (10 tons @ 6 lbs N, 2.4 lbs P2O5,  
9 lbs K2O per ton, assuming that 60% of  
the nitrogen, 80% of the phosphorus,  
and 100% of the potassium in the manure  
will be available this year)

-60 -24 -90

Cover crop (medium-growth crimson clover) -50

Total nutrients needed from fertilizer   10  16  50
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Past crop = corn

Cover	crop	=	crimson	clover,	but	small	to	medium	

amount of growth

Manure	=	10	tons	of	dairy	manure	that	tested	at	 

10	lbs	of	N,	3	lbs	of	P2O5,	and	9	lbs	of	K2O per ton.  

(A decision to apply manure was made after the soil 

sample was sent, so the recommendation could not 

take those nutrients into account.)

MANAgINg FIElD NUTRIENT VARIAbIlITY
Many	large	fields	have	considerable	variation	in	soil	

types	and	fertility	levels.	Site-specific	application	of	crop	

nutrients and lime using variable-rate technology may 

be economically and environmentally advantageous 

for	these	situations.	Soil	pH	levels,	P,	and	K	often	show	

considerable	variability	across	a	large	field	capacity	

because of nonuniform application of fertilizers and 

manures, natural variability, and differing crop yields. 

Soil N levels may also show some variation, but site-

specific	management	of	this	nutrient	is	not	warranted	

if	the	entire	field	has	the	same	cropping	and	manure	

application history.  

Site-specific	management	requires	the	collection	

of	multiple	soil	samples	within	the	field,	which	are	

then analyzed separately. This is most useful when the 

sampling and application are performed using precision 

agriculture technologies such as global positioning sys-

tems, geographic information systems, and variable-rate 

applicators. However, use of conventional application 

technology can also be effective.  

Three- to 5-acre grid sampling (every 350 to 450 

feet)	is	generally	recommended,	especially	for	fields	

that have received variable manure and fertilizer rates. 

The suggested sampling procedure is called unaligned 

because	in	order	to	get	a	better	picture	of	the	field	as	

a whole, grid points do not follow a straight line. Grid 

points can be designed with the use of precision agri-

culture software packages or by insuring that sampling 

points are taken by moving a few feet off the regular grid 

in	random	directions	(figure	21.3).	Grid	sampling	still	

requires	ten	to	fifteen	individual	cores	to	be	taken	within	

about a 30-foot area around each grid point. Sampling 

units	within	fields	may	also	be	defined	by	soil	type	(from	

soil survey maps) and landscape position, but fertility 

patterns do not always follow these features.    

Grid soil testing may not be needed every time you 

sample	the	field—it	is	a	time-consuming	process—but	it	

is	recommended	to	evaluate	site-specific	nutrient	levels	

in	larger	fields	at	least	once	in	a	rotation,	each	time	lime	

application	may	be	needed,	or	every	five	to	eight	years.

THE bASIc cATION SATURATION RATIO SYSTEM
This section deals with a somewhat complicated topic 

and is intended to clarify the issues for those interested 

in	soil	chemistry	and	a	more	in-depth	look	at	the	BCSR	

(or base ratio) system.

Background
The basic cation saturation ratio system, which attempts 

to	balance	the	amount	of	Ca,	Mg,	and	K	in	soils	accord-

ing	to	certain	ratios,	grew	out	of	work	in	the	1940s	and	

1950s	by	Firman	Bear	and	his	coworkers	in	New	Jersey	

and later by William Albrecht in Missouri. The early 
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Figure 21.3. Unaligned sampling grid for variable-rate management. 
Squares indicate 3- to 5-acre management units, and circles are sampling 
areas for ten to fifteen soil cores.
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concern of researchers was with the luxury consumption 

of	K	by	alfalfa—that	is,	if	K	is	present	in	very	high	levels,	

alfalfa	will	continue	to	take	up	much	more	K	than	it	

needs, and, to a certain extent, it does so at the expense 

of	Ca	and	Mg.	When	looking	with	the	hindsight	provided	

by more than a half century of soil research after the 

work of Bear and Albrecht, the experiments carried out 

in	New	Jersey	and	Missouri	were	neither	well	designed	

nor well interpreted, by today’s standards. The methods 

for determining cation ratios, as well as the suggested 

values	that	the	cations	should	have,	have	been	modified	

over the years. Recent work indicates that the system is 

actually of little value. When the cations are in the ratios 

usually found in soils, there is nothing to be gained by 

trying to make them conform to an “ideal” and fairly 

narrow range. On the other hand—as mentioned in the 

previous discussion—there are some, relatively infre-

quent, situations in which the problem of a high level 

of a particular cation needs to be addressed and can be 

addressed	with	either	the	BCSR	or	sufficiency	system.

In addition to the lack of modern research indicating 

that	it	actually	helps	to	use	the	BCSR	system	to	make	

recommendations, and the problems that can arise 

when	it	(in	contrast	to	the	sufficiency	system)	is	used,	its	

use	perpetuates	a	basic	misunderstanding	of	what	CEC	

and base saturation are all about.

Problems with the System
In addition to the practical problems with using the base 

ratio system, and the increased fertilizer it frequently 

calls for above the amount that will increase yields of 

crop quality, there is another issue: The system is based 

on	a	faulty	understanding	of	CEC	and	soil	acids,	as	well	

as a misuse of the greatly misunderstood term percent 

base saturation.

When	percent	base	saturation	(%BS)	is	defined,	you	

usually see something like the following:

%BS	=	100	x	sum	of	exchangeable	cations	/	CEC

=	100	x	(Ca++ + Mg++	+	K+ + Na+)	/	CEC

First	off,	what	does	CEC	mean?	It	is	the	capacity	of	

the soil to hold on to cations because of the presence of 

negative charges on the organic matter and clays, but 

also to exchange these cations for other cations. For 

example, a cation such as Mg, when added to soils in 

large quantities, can take the place of (that is, exchange 

for)	a	Ca	or	two	K	ions	that	were	on	the	CEC.	Thus,	

a	cation	held	on	the	CEC	can	be	removed	relatively	

easily as another cation takes its place. But how is 

CEC	estimated	or	determined?	The	only	CEC	that	is	of	

significance	to	a	farmer	is	the	one	that	the	soil	currently	

has. Once soils are much above pH 5.5 (and almost 

all agricultural soils are above this pH, making them 

moderately	acid	to	neutral	to	alkaline),	the	entire	CEC	

is	occupied	by	Ca,	Mg,	and	K	(as	well	as	some	Na	and	

ammonium). There are essentially no truly exchange-

able acids (hydrogen or aluminum) in these soils. This 

chAPter 21 getting the Most FroM routine soil tests

With very little data, Firman Bear and his coworkers decided that the “ideal” soil was one in which the CEC was 10 me/100g; 

the pH was 6.5; and the CEC was occupied by 20% H, 65% Ca, 10% Mg, and 5% K. And the truth is, for most crops that’s not a 

bad soil test. It would mean that it contains 2,600 pounds of Ca, 240 pounds of Mg, and 390 pounds of K per acre to a 6-inch 

depth in forms that are available to plants. While there is nothing wrong with that particular ratio (although to call it “ideal” 

was a mistake), the main reason the soil test is a good one is that the CEC is 10 me/100g (the effective CEC—the CEC the soil 

actually has—is 8 me/100g) and the amounts of Ca, Mg, and K are all sufficient.
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means	that	the	actual	CEC	of	the	soils	in	this	normal	

pH range is just the sum of the exchangeable bases. The 

CEC	is	therefore	100%	saturated	with	bases	when	the	

pH is over 5.5 because there are no exchangeable acids. 

Are you still with us? 

As we discussed in chapter 20, liming a soil creates 

new exchange sites as the pH increases (see the sec-

tion	“Cation	Exchange	Capacity	Management,	p.	229).	

The hydrogen affected by the lime is strongly held on 

organic matter, and, although it is not “exchangeable,” 

it does react with lime and is neutralized—creating 

new exchange sites in the process. So what does the 

percent base saturation reported on some soil test 

results actually mean? The labs either determine the 

CEC	at	a	higher	pH	or	use	other	methods	to	estimate	

the so-called exchangeable hydrogen—which, of course, 

is not really exchangeable. Originally, the amount of 

hydrogen	that	could	be	neutralized	at	pH	8.2	was	used	

to estimate exchangeable hydrogen. In other words, the 

hydrogen	that	could	be	neutralized	at	pH	8.2	was	added	

to the exchangeable bases, and the total was called the 

cation exchange capacity. But when your soil has a pH 

of	6.5,	what	does	a	CEC	determined	at	pH	8.2	(or	pH	7	

or some other relatively high pH) mean to you? Actually, 

it has no usefulness at all. As the percent base satura-

tion is usually determined and reported, it is nothing 

more	than	the	current	soil’s	CEC	as	the	percent	of	CEC	

it would have if its pH were higher. In other words, the 

percent base saturation has no relevance whatsoever 

to the practical issues facing farmers as they manage 

the fertility of their soils. Why then even determine and 

report a percent base saturation and the percents of the 

fictitious	CEC	(one	higher	than	the	soil	actually	has)	

occupied	by	Ca,	Mg,	and	K?	Good	question!	Although	we	

understand that many farmers believe that this system 

helps them to manage their soils better, it is our belief—

based on research—that it would be best to stop using 

the system.

SUMMARY
The preponderance of research indicates that there is 

no	“ideal”	ratio	of	cations	held	on	the	CEC	with	which	

farmers should try to bring their soils into conformity. 

It also indicates that the percent base saturation has 

no usefulness for farmers. Professor E. O. McLean (a 

former student of Albrecht) and coworkers at Ohio State 

University summed up their research on this issue in a 

1983	article	as	follows:	“We	conclude	from	the	results	of	

all aspects of this study that in fertilizer and lime prac-

tice,	emphasis	should	be	placed	on	providing	sufficient,	

but nonexcessive levels of each basic cation rather than 

attempting to adjust to a favorable basic cation satura-

tion ratio which evidently does not exist, as others have 

also reported…”

And	as	Kopittke	and	Menzies	put	it	in	a	2007	article	

that reviewed the older as well as newer research: “Our 

examination of data from numerous studies (particu-

larly those of Albrecht and Bear themselves) would 

suggest that, within the ranges commonly found in soils, 

the chemical, physical, and biological fertility of a soil 

is	generally	not	influenced	by	the	ratios	of	Ca,	Mg,	and	

K.	The	data	do	not	support	the	claims	of	the	BCSR,	and	

continued	promotion	of	the	BCSR	will	result	in	the	inef-

ficient	use	of	resources	in	agriculture	.	.	.”

If you would like to delve into this issue in more 

detail,	see	the	articles	by	McLean	et	al.	(1983),	Rehm	

(1994),	and	Kopittke	and	Menzies	(2007)	listed	in	

“Sources” below.
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Chapter 22

hoW good are your soils?
Field and laboratory evaluation oF soil health

. . . the Garden of Eden, almost literally, lies under our feet almost anywhere on the earth we care to step.  

We have not begun to tap the actual potentialities of the soil for producing crops.

—e.h. Faulkner, 1943

Most farmers know that it is important to increase 

soil health. And by now, you should have some ideas 

about ways to increase soil health on your farm, but 

how	can	you	identify	the	specific	problems	with	your	

soil, and how can you tell if your soil’s health is actually 

getting better?

Does your soil . . .

•		 allow	water	to	infiltrate	easily	during	a	downpour	

and drain afterward to let air in?

•		 provide	sufficient	water	to	plants	during	dry	spells?

•		 allow	crops	to	fully	develop	healthy	root	systems?

•		 suppress	root	diseases	and	parasitic	nematodes?

•		 have	beneficial	organisms	like	mycorrhizal	fungi	that	

promote healthy crops?

•		 supply	nutrients	from	organic	sources	that	reduce	

the need for fertilizer?

First ask yourself why you would do a soil health 

assessment. The most obvious reason is that it allows 

you	to	identify	specific	constraints,	such	as	P	deficiency	

or surface compaction, and target your management 

practices. A second reason might be to monitor the 

health of your soils over time. Is your soil improving 

after you start planting cover crops, beginning a new 

rotation, or switching to reduced tillage? While the 

goal of building soil health is to prevent problems from 

developing, it also helps to correct previous problems 

you might have had. A good soil health assessment done 

over a number of years allows you to see whether you 

are going in the right direction. Another reason might 

be to better valuate your soils. If they are in excellent 

health due to many years of good management, your 

land should be worth more when sold or rented than 

fields	that	have	been	worn	out.	After	all,	a	healthy	soil	

produces more and allows for reduced purchased inputs. 

Being able to effectively appraise soil health may be an 

additional incentive for farmers to invest in good man-

agement and build equity in their land.

We can generally approach soil health assessment 
Photo courtesy Harold van Es
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at	four	levels	of	detail:	(1)	general	field	observations;	(2)	

field	assessments	using	qualitative	indicators;	(3)	com-

prehensive soil health tests; and (4) other targeted soil 

analyses. We’ll discuss them each in some detail.

gENERAl FIElD ObSERVATIONS
A simple but very good place to start assessing a soil’s 

health is to look at its general performance as you go 

about your normal practices. It’s something like wonder-

ing about your own performance during the course of a 

day: Do you have less energy than usual? This might be 

an indication that something isn’t quite right. Likewise, 

there are signs of poor soil health you might notice as 

part of the normal process of growing crops:

•		 Are	yields	declining?

•		 Do	your	crops	perform	less	well	than	those	on	neigh-

boring farms with similar soils?

•		 Do	your	crops	quickly	show	signs	of	stress	or	stunted	

growth during wet or dry periods?

•		 Do	you	notice	any	symptoms	of	nutrient	deficiencies?

•		 Is	the	soil	obviously	compacted,	or	does	it	plow	up	

cloddy and take a lot of secondary tillage to prepare 

a	fine	seedbed?

•		 Does	the	soil	crust	over	easily,	or	do	you	observe	

signs of runoff and erosion?

•		 Does	it	take	more	power	than	it	used	to	to	run	tillage	

or planting equipment through the soil?

•		 Do	you	notice	increased	problems	with	diseases	or	

nutrient stress?

These questions are all indicators of soil health, and 

any	affirmative	answers	should	prompt	you	to	consider	

further action.

FIElD INDIcATORS
The	next	approach	is	more	specific.	In	several	states,	

farmers and researchers have developed “soil health 

scorecards.” The differences in soils and climates sug-

gest that there is no uniform scorecard that can be used 

everywhere. Nor is there a magic number or index value 

for soil health. The goal of these scorecards is to help 

you make changes and improve your soil’s health over 

time by identifying key limitations or problems.

Whenever you try to become more quantitative, you 

should be aware that measurements naturally vary within 

a	field	or	may	change	over	the	course	of	a	year.	For	exam-

ple, if you decide to evaluate soil hardness with a pen-

etrometer	(figure	22.1)	or	metal	rod,	you	should	perform	

at	least	ten	penetrations	in	different	parts	of	the	field	and	

be aware that your results also depend on the soil mois-

ture conditions at the time of measurement. If you do 

this	in	June	after	a	dry	spring,	you	may	find	the	soil	quite	

hard. If you go back the next year following a wet spring, 

the soil may be much softer. You shouldn’t then conclude 

that your soil’s health has dramatically improved, because 

what you mostly would have measured was the effect of 

variable soil moisture on soil strength. Similarly, earth-

worms will be abundant in the plow layer when it’s moist 

but tend to go deeper into the soil during dry periods. 

Make sure you select your locations well. Avoid unusual 

areas (e.g., where machinery turns) and aim to include 

areas with higher and lower yields.

This type of variability with time of year or climatic 
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Figure 22.1. A soil penetrometer is a useful tool to assess soil compaction.
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conditions should not discourage you from starting 

to evaluate your soil’s health—just keep in mind the 

limitations of certain measurements. Also, you can take 

advantage of the fact that soil health problems tend to 

be more obvious during extreme conditions. It’s a good 

idea	to	spend	some	extra	time	in	your	fields	during	

extended wet or dry periods.

The following paragraphs present some soil health 

chAPter 22 hoW good are your soils? 

Table 22.1 
Qualitative Soil Health Indicators

Indicator Best Assessed Poor Medium good

Earthworms Spring/fall.  
Good soil moisture.

0–1 worms in shovelful of 
top foot of soil. No casts or 
holes.

2–10 in shovelful. Few casts, 
holes, or worms.

10+ in top foot of soil. Lots of 
casts and holes in tilled clods. 
Birds behind tillage.

Organic Matter
color Moist soil. Topsoil color similar to 

subsoil color.
Surface color closer to 
subsoil color.

Topsoil clearly defined, 
darker than subsoil.

Organic Matter 
Residues Anytime. No visible residues. Some residues. Noticeable residues.

Root Health Late spring (rapid growth 
stage).

Few, thick roots. No subsoil 
penetration. Off color 
(staining) inside root.

Roots well branched. A few 
roots grow through cracks 
and reach into subsoil. 

Roots fully branched and 
extended, reaching into 
subsoil. Root exterior and 
interior are white.

Subsurface 
Compaction 

Best pre-tillage or post 
harvest. 
Good soil moisture.

Wire breaks or bends when 
inserting flag.

Have to push hard, need fist 
to push flag in.

Flag goes in easily with 
fingers to twice the depth of 
plow layer.

Soil Tilth 
Mellowness 
Friability 

Good soil moisture.

Looks dead. Like brick or 
concrete, cloddy. Either 
blows apart or is hard to pull 
drill through.

Somewhat cloddy, balls up, 
requires multiple secondary 
tillage passes for good 
seedbed.

Soil crumbles well, can slice 
through, like cutting butter. 
Spongy when you walk on it.

Erosion After heavy rainfall.

Large gullies over 2 inches 
deep joined to others, thin or 
no topsoil, rapid run-off the 
color of soil.

Few rills or gullies, gullies up 
to 2 inches deep. Some swift 
runoff, colored water.

No gullies or rills, clear or no 
runoff.

Water-Holding 
Capacity 

After rainfall. 
During growing season.

Plant stress two days after a 
good rain.

Water runs out after a week 
or so.

Holds water for a long period 
of time without puddling.

Drainage, 
Infiltration After rainfall.

Water sits for a long time, 
evaporates more than drains, 
always very wet ground.

Water sits for short period of 
time, eventually drains.

No ponding, no runoff, water 
moves through soil steadily. 
Soil not too wet, not too dry.

Crop Condition 
(how well it grows) 

Growing season. 
Good soil moisture.

Problem growing throughout 
season, poor growth, yellow 
or purple color.

Fair growth, spots in field 
different, medium green 
color.

Normal healthy dark green 
color, excellent growth all 
season, across field.

pH Anytime, but at same time of 
year each time.

Hard to correct for desired 
crop. Easily correctable. Proper pH for crop.

Nutrient-Holding 
Capacity 

Over a five-year period, 
always at same time of year.

Soil tests dropping with more 
fertilizer applied than crops 
used.

Little change or slow 
downward trend.

Soil tests trending up in 
relation to fertilizer applied 
and crop harvested.

Source: Modified from USDA (1997).
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indicators developed for scorecards in Maryland, 

Oregon, and Wisconsin. They are not discussed in any 

special order—all are important to help you assess soil 

health	as	it	relates	to	growing	crops.	Table	22.1	provides	

further guidance on good sampling times and interpre-

tation of the measurements.

Soil color is an indicator of soil organic matter con-

tent, especially within the same general textural class. 

Darkness indicates the amount of organic matter (see 

chapter 2) in the soil. We generally associate black soils 

with high quality. However, don’t expect a dramatic 

color change when you add organic matter; it may take 

years to notice a difference.

Crusting, ponding, runoff, and erosion can be 

observed from the soil surface. However, their extent 

depends on whether an intense rainstorm has occurred, 

and whether a crop canopy or mulch protects the soil. 

These symptoms are a sign of poor soil health, but 

the lack of visible signs doesn’t necessarily mean that 

the soil is in good health—it must rain hard for these 

signs	to	occur.	Try	to	get	out	into	the	field	after	heavy	

rainstorms, especially in the early growing season. 

Crusting	can	be	recognized	by	a	dense	layer	at	the	

surface that becomes hard after it dries. Ponding can 

be recognized either directly when the water is still in a 

field	depression,	or	afterward	by	small	areas	where	the	

soil has slaked (that is, aggregates have disintegrated). 

Areas that were ponded often show cracks after drying. 

Slaked areas going down the slope are an indication that 

runoff and early erosion have occurred. When rills and 

gullies are present, a severe erosion problem is at hand. 

Another idea: Put on your raingear and go out during a 

rainstorm (not during lightning, of course), and you may 

actually	see	runoff	and	erosion	in	action.	Compare	fields	

with different crops, management, and soil types. This 

might give you ideas about changes you can make to 

reduce runoff and erosion.

You also can easily get an idea about the stability 

of soil aggregates, especially those near the surface. If 

the soil crusts readily, the aggregates are not very stable 

and break down completely when wet. If the soil doesn’t 

usually form a crust, you might take a sample of aggre-

gates	from	the	top	3–4	inches	of	soil	from	fields	that	seem	

to have different soil quality. Gently drop a number of 

aggregates	from	each	field	into	separate	jars	that	are	half	

filled	with	water—the	aggregates	should	be	covered	with	

water. See whether they hold up or break apart (slake). 

You can swirl the water in the cups to see if that breaks up 

the aggregates. If the broken-up aggregates also disperse 

and stay in suspension, you may have an additional prob-

lem with high sodium content (a problem that usually 

occurs only in arid and semiarid regions).

Soil tilth and hardness can be assessed with an 

inexpensive	penetrometer	(the	best	tool),	a	tile	finder,	

a spade, or a stiff wire (like those that come with wire 

flags).	Tilth	characteristics	vary	greatly	during	the	grow-

ing season due to tillage, packing, settling (dependent 

on	rainfall),	crop	canopy	closure,	and	field	traffic.	It	is	

therefore best to assess soil hardness several times during 

the growing season. If you do it only once, the best time is 

when the soil is moist but not too wet—it should be in the 

friable state. Make sure the penetrometer is pushed very 

slowly	into	the	soil	(figure	22.1).	Also,	keep	in	mind	that	

stony soils may give you inaccurate results; the soil may 

appear hard, but in fact your tool may be hitting a rock.

Soil is generally considered too hard for root growth 

if penetrometer resistance is greater than 300 psi. Note 

also whether the soil is harder beneath the plow layer. It 

is common to measure a dramatic increase in resistance 

when the bottom of the plow layer is reached. This 

indicates subsoil compaction, or a plow pan, which may 

limit	deep	root	growth.	It’s	difficult	to	be	quantitative	

with	tile	finders	and	wire,	but	the	soil	is	generally	too	

hard when you cannot easily push them in. If you use 

a spade when the soil is not too wet, evaluate how hard 

the soil is and also pay attention to the structure of the 

soil.	Is	the	plow	layer	fluffy,	and	does	it	mostly	consist	

of granules of about a quarter inch in size? Or does the 
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soil dig up in large clumps? A good way to evaluate that 

is by lifting a spade full of soil and slowly dropping it 

from about waist height. Does the soil break apart into 

granules, or does it drop in large clumps? When you 

dig below the plow layer, take a spade full of soil and 

pull the soil clumps apart. They should generally come 

apart	easily	in	well-defined	aggregates	of	several	inches	

in size. If the soil is compacted, it does not easily come 

apart in distinct units.

Soil organisms can be divided into six groups: 

bacteria, fungi, protozoa, nematodes, arthropods, and 

earthworms. Most are too small to see with the naked eye, 

but some larger ones like ants, termites, and earthworms 

are easily recognized. They are also important “ecosystem 

engineers” that assist the initial organic matter break-

down that allows other species to thrive, but their general 

abundance is strongly affected by temperature and 

moisture levels in the soil. Their presence is best assessed 

in mid-spring, after considerable soil warming, and in 

mid-fall during moist, but not excessively wet, conditions. 

Just	take	a	full	spade	of	soil	from	the	surface	layer	and	

sift through it looking for bugs and worms. If the soil is 

teeming with life, this suggests that the soil is healthy. 

If few invertebrates are observed, the soil may be a poor 

environment for soil life, and organic matter processing is 

probably low. Earthworms are often used as an indicator 

species	of	soil	biological	activity	(see	table	22.1).	The	most	

common worm types, such as the garden and red worms, 

live in the surface layer when soils are warm and moist 

and feed on organic materials in the soil. The long night-

crawlers dig near-vertical holes that extend well into the 

subsoil, but they feed on residue at the surface. Look for 

the worms themselves as well as their casts (on the sur-

face, for nightcrawlers) and holes to assess their presence, 

which is typically greatly enhanced in no-till systems. If 

you	dig	out	a	square	foot	of	soil	and	find	ten	worms,	the	

soil has a lot of earthworm activity.

With a little more effort, nematodes, arthropods, 

and earthworms can be removed from a soil sample and 

observed. Since these soil organisms like their environ-

ment to be cool, dark, and moist, they will crawl away 

when we add heat and light. With a simple desk lamp 

shining on soil in an inverted cut-off plastic soda bottle 

(called a Berlese funnel), you will see the organisms 

escape down the funnel, where they can be captured on 

an alcohol-soaked paper towel (the alcohol keeps them 

from escaping; see a description of the procedure at 

http://pnwsteep.wsu.edu/edsteep/SoilInvertebrates/

Berlese.doc).

Root development can be evaluated by digging 

anytime after the crop has entered its rapid phase of 

growth. Have the roots properly branched, and are they 

extending in all directions to their fullest potential for 

the	particular	crop?	Do	they	show	many	fine	laterals	

and	mycorrhizal	fungal	filaments,	and	will	they	hold	on	

to	the	aggregates	when	you	try	to	shake	them	off	(figure	

22.2)? Look for obvious signs of problems: short stubby 

roots, abrupt changes in direction when hitting hard 

layers, signs of rot or other diseases (dark-colored roots, 

fewer	fine	roots).	Make	sure	to	dig	deep	enough	to	get	a	

full picture of the rooting environment, because many 

times there is a hard pan present.

The effects of soil health problems on general crop 
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Figure 22.2. A healthy corn root system with many fine laterals. Compare 
with figure 15.3, p. 163.
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performance are most obvious during extreme condi-

tions. That’s why it is worthwhile to occasionally walk 

your	fields	during	a	wet	period	(when	a	number	of	rains	

have fallen or just after a long, heavy rain) or during an 

extended drought. During prolonged wet periods, poor 

soils often remain saturated for an extended time. The 

lack of aeration stunts the growth of the crop, and leaf 

yellowing	indicates	loss	of	available	N	by	denitrifica-

tion. This may even happen with high-quality soils if 

the rainfall is excessive, but it is certainly aggravated by 

poor soil conditions. Dense, no-tilled soil may also show 

greater	effects.	Purple	leaves	indicate	a	phosphorus	defi-

ciency and are also often an indirect sign of stress on the 

crop. This may be related to soil health but also can be 

brought on by other causes, such as cold temperatures.

Watch for stunted crop growth during dry peri-

ods and also look for the onset of drought stress—leaf 

curling	or	sagging	(depending	on	the	crop	type).	Crops	

on soils that are in good health generally have delayed 

occurrence of drought stress. Poor soils, especially, may 

show problems when heavy rainfall, causing soil settling 

after tillage, is followed by a long drying period. Soils 

may hardset and completely stop crop growth under 

these circumstances. Extreme conditions are good times 

to look at crop performance and, at the same time, 

evaluate soil hardness and root growth.

Nutrient deficiency symptoms can appear on 

plant leaves when soils are low in a particular nutrient 

(table	22.2).	However,	many	nutrient	deficiency	symp-

toms look similar, and they also may vary from crop to 

crop. In addition, typical symptoms may not occur if the 

plant is suffering from other stresses, including more 

than	one	nutrient	deficiency.	However,	some	symp-

toms on some crops are easy to pick out. For example, 

N-deficient	plants	are	frequently	a	lighter	shade	of	

green	than	plants	with	sufficient	N.	Nitrogen	deficiency	

on corn and other grasses appears on the lower leaves 

first	as	a	yellowing	around	the	central	rib	of	the	leaf.	

Later, the entire leaf yellows, and leaves further up the 

stem may be yellow. However, yellowing of the lower 

leaves near maturity is common with some plants. If the 

lower leaves of your corn plant are all nice and green 
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Table 22.2 
Examples of Nutrient Deficiency Symptoms

Nutrient Deficiency Symptoms

Calcium (Ca) New leaves (at top of plant) are distorted or irregularly shaped. Causes blossom-end rot.

Nitrogen (N) General yellowing of older leaves (at bottom of plant). The rest of the plant is often light green.

Magnesium (Mg) Older leaves turn yellow at edge, leaving a green arrowhead shape in the center of the leaf.

Phosphorus (P) Leaf tips look burnt, followed by older leaves turning a dark green or reddish purple.

Potassium (K) Older leaves may wilt and look scorched. Loss of chlorophyll between veins begins at the base, scorching inward from leaf 
margins.

Sulfur (S) younger leaves turn yellow first, sometimes followed by older leaves.

Boron (B) Terminal buds die; plant is stunted.

Copper (Cu) Leaves are dark green; plant is stunted.

Iron (Fe) Yellowing occurs between the veins of young leaves. Area between veins may also appear white.

Manganese (Mn) Yellowing occurs between the veins of young leaves. These areas sometimes appear “puffy.” Pattern is not as distinct as with 
iron deficiency. Reduction in size of plant parts (leaves, shoots, fruit) generally. Dead spots or patches.

Molybdenum (Mo) General yellowing of older leaves (at bottom of plant). The rest of the plant is often light green.

Zinc (Zn) Terminal leaves may be rosetted, and yellowing occurs between the veins of the new leaves. Area between veins on corn 
leaves may appear white.

Source: Modified from Hosier and Bradley (1999).
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at the end of the season, there was more N than the 

plant	needed.	Potassium	deficiencies	on	corn	also	show	

as yellowing on lower leaves, but in this case around 

the	edges.	Phosphorus	deficiency	is	normally	noted	in	

young plants as stunted growth and reddish coloration. 

In corn, this may appear early in the season due to wet 

and cold weather. When the soil warms up, there may 

be plenty of P for the plants. For pictures of nutrient 

deficiencies	on	field	crops,	visit	http://www.extension.

iastate.edu/Publications/IPM42.pdf.

Using the simple tools and observations suggested 

above, you can evaluate your soil’s health. Soil health 

scorecards or soil quality books provide a place to record 

field	notes	and	assessment	information	to	allow	you	to	

compare changes that occur over the years. You also can 

make up your own assessment sheets. 

lAbORATORY SOIl HEAlTH TESTINg
Comprehensive Soil Tests
Growers are used to taking soil samples and having 

them analyzed for available nutrients, pH, and total 

organic matter by a university or commercial lab. In arid 

regions it is common to also determine whether the soil 

is saline (too much salt) or sodic (too much sodium). 

This provides information on the soil’s chemical health 

and	potential	imbalances.	To	get	the	most	benefit	from	

soil tests, sample soils frequently (at least every two 

years) and keep good records. Evaluate whether your 

soil test values are remaining in the optimal range, 

without adding large amounts of fertilizers. Also, make 

sure that you do not end up with excessive nutrient 

levels, especially phosphorus and potassium, due to 

over-application of organic materials. If your soil test 

report includes information on cation exchange capacity 

(CEC),	you	should	expect	that	to	increase	with	increas-

ing organic matter levels. And, as discussed in chapter 

20,	soil	CEC	increases	following	liming	a	soil,	even	if	

there is no increase in organic matter.

The traditional soil test does not, however, make a 

comprehensive assessment of the health of a soil, which 

fact probably fed the “chemical bias” in soil manage-

ment. In other words, the widespread availability of 

good chemical soil tests, although a very useful manage-

ment	tool,	may	also	have	encouraged	the	quick-fix	use	of	

chemical fertilizers over the longer-term holistic approach 

promoted	in	this	book.	The	Cornell	Soil	Health	Test	was	

developed to provide a more comprehensive soil assess-

ment through the inclusion of soil biological and physical 

indicators	in	addition	to	chemical	ones	(figure	22.3).	

Those indicators were selected based on their cost, con-

sistency, and reproducibility and their relevance to soil 

management.	The	Cornell	Soil	Health	Test	also	considers	
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Figure 22.3. Sample Cornell Soil Health Test report.
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indicators that represent important soil processes. It 

provides information on four physical indicators:

•		 aggregate	stability	(relates	to	infiltration,	crusting,	

and shallow rooting),

•		 available	water	capacity	(relates	to	plant-available	

water),

•		 surface	and	subsurface	hardness	(relates	to	rooting),	

and

•		 soil	texture	(relates	to	most	soil	processes	and	is	

important for interpretation of other measurements);

and four biological indicators:

•		 soil	organic	matter	content	(relates	to	many	soil	

processes, including water and nutrient retention),

•		 active	carbon	content	(relates	to	organic	material	to	

support biological functions),

•		 potentially	mineralizable	nitrogen	(relates	to	ability	

of organic matter to supply N), and

•		 root	health	(relates	to	soilborne	pest	problems).

In addition, nine chemical indicators, which indicate 

nutrient availability and pH balance and are part of the 

standard	soil	test,	are	included.	Altogether,	the	Cornell	

Soil Health Test measures seventeen indicators related 

to relevant soil processes. The sampling procedure 

involves	taking	in-field	penetrometer	measurements	

and using a shovel to collect a disturbed sample, which 

is then submitted to a soil testing lab. A few indicators 

are especially noteworthy. The aggregate stability test 

is an excellent indicator of soil physical quality because 

aggregation is critical to many important processes 

such	as	aeration,	water	flow,	rooting,	and	mobility	of	

soil organisms. The test uses simulated rainfall energy 

to evaluate the strength of the aggregates, similar to 

conditions	in	the	field.	We	have	seen	that	soil	manage-

ment has a strong effect on aggregate stability, as seen 

in	figure	22.4.	Under	organic	management	70%	of	the	

aggregates of the silt loam soil remained on the sieve 

after application of energy from a rain simulator, while 

for a similar soil under conventional management only 

20%	of	the	aggregates	remained.

Active carbon is a relatively new indicator that 

assesses the fraction of soil organic matter that is 

believed to be the main supply for the soil food web 

and, during its decomposition by organisms, provides 

nutrients for plant uptake. Ray Weil of the University 

of Maryland has shown that it is easy to see changes in 

this test as management changes so that the results of 

the test can provide an early indication of soil health 

improvements. (It takes a long time to determine an 

increase in the total amount of organic matter in the 

soil.)	Active	C	is	assessed	as	the	portion	of	soil	organic	

matter that is oxidized by potassium permanganate, 

and the results can be measured with an inexpensive 

spectrophotometer	(figure	22.5).

Another noteworthy indicator is the bean root rot 

bioassay, which provides a highly effective and inexpen-

sive assessment of root health and overall disease pres-

sure from various sources (plant-parasitic nematodes; 

the fungi Fusarium, Pythium, Rhizoctonia; etc.). Figure 

22.6	shows	examples	from	soil	from	a	conventional	field	

with bean root tissue containing lesions and decay, while 

the roots from beans growing in soil from an organic 

field	are	mostly	white	and	are	therefore	more	functional.	

A soil health test report provides an integrative 

assessment	and	also	identifies	specific	soil	constraints;	

see	figure	22.3.	This	particular	report	is	for	a	soil	that	

had been under intensive vegetable production for 

many years. For each indicator, the report provides a 
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Figure 22.4. Results of aggregate stability test for silt loam vegetable 
soils: organic (70% stable, left) and conventional (20% stable, right) 
management.
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measured	value	and	the	associated	score	(1	to	100),	

which is basically an interpretation of the measured 

result.	If	scores	are	low	(less	than	30),	specific	con-

straints are listed. An overall soil health score, standard-

ized	to	a	scale	of	1	to	100,	is	provided	at	the	bottom	of	

the report, which is especially useful for tracking soil 

health changes over time.

The	test	report	in	figure	22.3	is	somewhat	typical	for	

traditionally	managed	vegetable	fields	in	the	northeast-

ern part of the U.S. It shows the soil to be in excellent 

shape in terms of the chemical indicators but severely 

underperforming with respect to the physical and bio-

logical indicators. Why is that the case? In this situation, 

the farmer was diligent about using the conventional 

(chemical) soil test and keeping nutrients and pH at 

optimal levels. But intensive vegetable cropping with 

conventional plow tillage without cover crops caused 

an	unbalanced	soil	health	profile	for	this	field.	The	test	

identified	these	constraints	and	allows	for	more	targeted	

management, which we’ll discuss in the next chapter.

Microbial Soil Tests 
Soils	also	can	be	tested	for	specific	biological	charac-

teristics—for potentially harmful organisms relative to 

beneficial	organisms	(for	example,	nematodes	that	feed	

on plants vs. those that feed on dead soil organic matter) 

or, more broadly, for macro- and microbiology. Since 

networks	of	mycorrhizal	fungal	filaments	help	plants	

absorb water and nutrients, their presence suggests 

more	efficient	nutrient	and	water	use.	Total	and	active	

bacterial and fungal biomass and various associated 

ratios are now offered on a commercial basis. These 

indicators tend to be sensitive to soil management and 

provide information on how biological functions are 

performing. Soils that are low in both bacterial and fun-

gal	counts	are	assumed	to	be	biologically	deficient	and	

would gain from a variety of organic amendments.

The relative amounts or activities of each type of 

microorganism provide insights into the characteristics 

of the soil ecosystem. Bacterial-dominated soil micro-

bial communities are generally associated with highly 

disturbed systems with external nutrient additions 

(organic or inorganic), fast nutrient cycling, and annual 

plants, while fungal-dominated soils are common in 

soils with low amounts of disturbance and are character-

ized by internal, slower nutrient cycling and high and 

chAPter 22 hoW good are your soils? 

Figure 22.5. Assessment of active carbon using permanganate oxidation 
and a portable spectrophotometer. Photo by David Wolfe.

Figure 22.6. Examples of root rot bioassays on bean plants: conventional 
(left) and organic (right) soil management. Photos by George Abawi.
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stable organic matter levels. Thus, the systems with 

more weight of bacteria than fungi are associated with 

intensive-production agriculture (especially soils that 

are frequently plowed), while systems with a greater 

weight of fungi than bacteria are typical of natural and 

less	disturbed	systems.	The	significance	of	these	differ-

ences for the purposes of modifying practices is unclear, 

because there is no evidence that one should make 

changes in order to change the amount of bacteria ver-

sus the amount of fungi. On the other hand, modifying 

practices causes changes to occur. For example, adding 

organic matter, reducing tillage, and growing perennial 

crops all lead to a greater ratio of fungi to bacteria. But 

we generally want to do these practices for many other 

reasons—improving	soil	water	infiltration	and	storage,	

increasing	CEC,	using	less	energy,	etc.—that	may	or	may	

not be related to the ratio of bacteria to fungi.

Other Tests and Measurements
Many other measurements can be made, either in the 

field	or	the	laboratory:	infiltration	capacity,	volume	of	

large pores, etc. As we are writing this book, promising 

new molecular techniques, like microarray analysis, are 

being developed that allow for targeted biological analy-

sis. Making such measurements in a meaningful way is 

challenging, and we recommend the involvement of a 

scientist or extension agent if you want to pursue more 

sophisticated methods.

There are geographical considerations to soil 

health assessment as well. High salinity and sodium 

levels should be assessed in arid and semiarid regions 

(especially when irrigated) and lands prone to coastal 

flooding.	In	some	regions,	soils	may	have	high	acidity	

(low pH) in the subsoil that limits root proliferation into 

deeper layers, and samples from the deeper layers may 

need to be chemically analyzed. If there are concerns 

about soil contamination, as may be the case in urban 

or industrial areas, or when sewage sludge or dredged 

materials have been applied, tests for heavy metals or 

other contaminants are recommended. Laboratories 

that do these types of tests are listed in the “Resources” 

section at the end of the book. 

SUMMARY
There are many things to be learned by regularly observ-

ing	the	soil	and	plants	in	your	fields.	These	include	being	

able to evaluate the severity of runoff, erosion, and com-

paction;	root	development;	severe	nutrient	deficiencies;	

and the presence of earthworms, among other things. 

Laboratory evaluations of biological indicators, as well 

as more comprehensive evaluations of indicators of soil 

health, can also be employed. It is, of course, not enough 

to know whether a particular limitation exists. In the fol-

lowing (and last) chapter we will discuss both how to put 

together soil and crop management systems for building 

healthy soils and how to address particular issues that 

may	arise	from	field	observations	or	laboratory	analyses.
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Chapter 23

Putting it all together

. . . generally, the type of soil management that gives the greatest immediate return leads to a  

deterioration of soil productivity, whereas the type that provides the highest income over the period of  

a generation leads to the maintenance or improvement of productivity.

—Charles kellogg, 1936

In this chapter, we’ll provide some guidance on 

promoting high-quality soils through practices that 

maintain or increase organic matter, develop and 

maintain optimal physical and biological conditions, and 

promote top-notch nutrient management. In part 3, we 

discussed many different ways to manage soils, crops, 

and residues, but we looked at each one as a separate 

strategy. In the real world, you need to combine a num-

ber of these approaches and use them together. In fact, 

each practice is related to, or affects, other practices that 

promote soil health. The key is to modify and combine 

them in ways that make sense for your farm.

We hope that you don’t feel as confused as the 

person	on	the	left	in	figure	23.1.	If	the	thought	of	making	

changes on your farm is overwhelming, you can start 

with only one or two practices that improve soil health. 

Not all of the suggestions in this book are meant to be 

used on every farm. Also, a learning period is probably 

needed to make new management practices work on 

your	farm.	Experiment	on	one	or	two	selected	fields	and	

permit yourself to make a few mistakes.

Decisions on the farm need to support the economic 

bottom line. Research shows that the practices that 

improve soil health generally also improve the economics 

of the farm, in some cases dramatically. Higher soil health 

tends to provide higher yields and more yield stability, 

while allowing for reduced crop inputs. However, you 

need to consider the fact that the increased returns may 

not be immediate. After you implement new practices, 

soil health may improve slowly, and it may take a few 

years to see improved yields or changes in the soil itself. 

The bottom line also may not improve immedi-

ately.	Changing	management	practices	may	involve	an	

investment in new equipment; for example, changing 

tillage systems requires new tillage tools and planters. 

For many farmers, these short-term limitations may 

keep them from making changes, even though they are 

hurting the long-term viability of the farm. Big changes 
Photo by Abram Kaplan
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are probably best implemented at strategic times. For 

example, when you are ready to buy a new planter, con-

sider a whole new approach to tillage as well. Also, take 

advantage	of	flush	times—for	example,	when	you	receive	

high prices for products—to invest in new management 

approaches. However, don’t wait until that time to make 

decisions. Plan ahead, so you are ready to make the 

move at the right time. Remember that soil health man-

agement is a long-term commitment. There are no silver 

bullets or snake oils that will work to build soil health; 

it requires an integration of the concepts of physical, 

biological, and chemical processes we have discussed in 

this book.

gENERAl APPROAcHES
Most types of agriculture soil health can be improved 

through six main approaches:

•		 reducing	tillage

•		 avoiding	soil	compaction

•		 growing	cover	crops

•		 using	better	crop	rotations

•		 applying	organic	amendments

•		 applying	inorganic	amendments

There are many options for making soil management 

changes in different types of farming systems. We have 

discussed these in the previous chapters with respect 

to	helping	remedy	specific	problems.	A	good	analogy	

is to think of your soil as a bank account with credits 

and debits. The credits are management practices that 

improve soil health, like manure additions, reduced 

tillage, and cover crops. The debits are the ones that 

degrade	the	soil,	like	compaction	from	field	traffic	and	

intensive	tillage	(table	23.1).	One	farming	system	may	

result in a different balance sheet than another due to 

specific	constraints.	For	example,	a	daily	harvest	sched-

ule	means	that	you	cannot	avoid	traffic	on	wet	soils,	

and small-seeded crops require intensive tillage at least 

in the planting row in order to prepare a seedbed. Still, 

Figure 23.1. Are all the practices just confusing? Solutions can be found by matching them with the needs and opportunities of your farm. 

Reduced tillage

Rotations

Erosion control

Cover crops

Manures, composts

Nutrients

Reduced tillage

Rotations

Erosion control

Nutrients

Cover crops

Manures, composts

Prevent compaction
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strive to optimize the system: If a “bad” practice—such 

as	harvesting	in	a	wet	field	that	contains	ripe	crops	that	

might spoil if you wait for the soil to dry—is unavoid-

able, try to balance it with a “good” practice, thereby 

making	your	soil	health	account	flush.

If at all possible, use rotations that use grass, legume, 

or a combination of grass and legume forage crops, or 

crops with large amounts of residue as important parts 

of the system. Leave residues from annual crops in the 

field,	or,	if	you	remove	them	for	feed,	composting,	or	

bedding, return them to the soil as manure or compost. 

Use cover crops when soils would otherwise be bare to 

add organic matter, capture residual plant nutrients, 

and	reduce	erosion.	Cover	crops	also	help	maintain	

soil organic matter in resource-scarce regions that lack 

possible substitutes for using crop residues for fuel or 

building materials.

Raising animals or having access to animal wastes 

from nearby farms gives you a wider choice of economi-

cally sound rotations. Those that include perennial for-

ages make hay or pasture available for use by dairy and 

beef cows, sheep, and goats—and nowadays even poultry. 

In addition, on mixed crop-livestock farms, animal 

manures can be applied to cropland. It’s easier to main-

tain	organic	matter	on	a	diversified	crop-and-livestock	

farm, where sod crops are fed to animals and manures 

returned	to	the	soil.	Compared	to	crop	farms,	fewer	nutri-

ents leave farms when livestock products are the main 

economic output. However, growing crops with high 

quantities of residues plus frequent use of green manures 

and composts from vegetative residues helps maintain 

soil organic matter and soil health even without animals.

You can maintain or increase soil organic matter 

more easily when you use reduced-tillage systems, espe-

cially no-till, strip-till, and zone-till. The decreased soil 

disturbance keeps biological activity and organic matter 

decomposition near the surface and helps maintain a 

soil	structure	that	allows	rainfall	to	infiltrate	rapidly.	

Leaving residue on the surface, or applying mulches, 

has a dramatic impact on soil biological activity. It 

encourages the development of earthworm populations, 

maintains soil moisture, and moderates temperature 

extremes.	Compared	with	conventional	tillage,	soil	ero-

sion (water, wind, or tillage) is greatly reduced under 

minimum-tillage systems, which help keep organic 

matter and rich topsoil in place. Any other practices 

that reduce soil erosion, such as contour tillage, strip 

cropping along the contours, and terracing, also help 

maintain soil organic matter.

Even if you use minimum-tillage systems, you also 

should use sound crop rotations. In fact, it may be more 

important to rotate crops when large amounts of residue 

remain on the surface, as the residue may harbor insect 

Table 23.1 
Balance Sheet for Soil Health Management

Practice or Condition Improves  
Soil Health

Reduces  
Soil Health

Tillage

moldboard plowing xx

chisel plowing x

disking x

harrowing x

no/zone/ridge/strip tillage x

Compaction

light x

severe xx

Organic matter additions

bedded manure xx

liquid manure x

compost xx

Cover crops

winter grain xx

winter legume x

summer grain xx

summer legume xx

Rotation crops

3-year sod xx

1-year sod x
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and disease organisms. These problems may be worse 

in monoculture with no-till practices than with conven-

tional tillage.

WHAT MAKES SENSE ON YOUR FARM?
We strongly advocate a holistic management approach. 

As with human health, we have the ability to diagnose 

problems through observations and testing. If prob-

lems	are	identified,	the	patient	and	physician	develop	

strategies to address them. This may include a change in 

diet, exercising, a pill, or even surgery. There are often 

multiple ways and combinations to reach the same goal, 

depending on personal preferences and circumstances. 

Similarly for soil health, what makes sense on any indi-

vidual farm depends on the soils, the climate, the nature 

of the farm enterprise, the surrounding region, potential 

markets, and the farm’s needs and goals. The tests and 

observations provide useful guidance to help target con-

straints, but there is rarely a simple recipe. We wish it 

was that easy. Holistic soil health management requires 

an integrative understanding of the processes, which is 

basically the purpose behind this book.

Start with regularly testing your soils, preferably 

using comprehensive soil health analyses, and apply-

ing amendments only when they are needed. Testing 

soils	on	each	field	every	two	or	three	years	is	one	of	the	

best investments you can make. If you keep the report 

forms, or record the results, you will be able to follow 

soil health changes over the years. Monitoring soil test 

changes	will	help	you	fine-tune	your	practices.	Also,	

maintaining your pest scouting efforts and keeping 

records of those over the years will allow you to evaluate 

improvements in that area.

PRAcTIcES TO HElP REMEDY SPEcIFIc cONSTRAINTS
Building soil health can help prevent problems from 

affecting the environment and the growth of plants. 

However,	as	good	a	job	as	you	might	do,	specific	prob-

lems may arise that require some sort of remedial action. 

The choice of a practice or combinations of practices 

depends	largely	on	specific	soil	health	problems	and	

possible constraints imposed by the farming system. We 

discussed	in	chapter	21	how	traditional	(chemical)	soil	

tests are used to provide quantitative nutrient and lime 

recommendations. As discussed in chapter 22, newly 

available soil tests, as well as careful attention to your 

soils and crops, can help target management practices 

related	to	specific	limitations.	We	cannot	be	quite	as	pre-

cise for making recommendations regarding physical and 

biological constraints as we can be for nutrient problems, 

because these systems are more complex and we don’t 

have as strong a research base.

General	management	guidelines	for	specific	con-

straints	that	may	have	been	identified	from	soil	health	

tests	or	field	observations	are	presented	in	table	23.2.	

They are listed in terms of two time lines: short term or 

intermittent, and long term. The short-term recommen-

dations provide relatively quick responses to soil health 

problems, and they may need to be repeated to prevent 

recurrence of the problem. The long-term approaches 

focus on management practices that don’t provide quick 

fixes	but	address	the	concern	more	sustainably.	You	will	

probably note that the same practices are often recom-

mended for different constraints, because they address 

multiple concerns at the same time.

Note that many of the management solutions listed 

in table 23.2 involve improving organic matter. As you 

probably realize at this stage of the book, we believe that 

improved organic matter management is key to sustain-

able soil management. But keep in mind that simply 

bringing in any type of organic material in any amount is 

not necessarily the solution. For one thing, organic addi-

tions that are too large may create problem nutrient sur-

pluses. Second, some organic materials reduce disease 

levels,	but	others	can	increase	them	(see	chapter	11	on	

rotations	and	chapter	13	on	composting).	Third,	some	

constraints, like acidity, sodicity, and extremely low 

nutrient levels, are often more effectively approached 
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with chemical amendments. Fourth, there are important 

considerations relating to the type of organic materials 

that	are	used.	In	chapters	9,	10,	and	12	we	discussed	

different organic residues and manures and their effects 

on soil health. One important distinction is whether the 

material is mostly “fresh” and easily decomposable or 

contains more stable compounds. Fresh materials like 

manure, cover crops, and green clippings are high in 

sugars, cellulose, and proteins and have relatively high 

N	content	(low	C:N	ratios).	They	immediately	stimulate	

soil biological activity, especially bacteria, and provide 

a lot of available N for crops. The organic materials that 

are dominated by stable materials that are high in lignin, 

like the residues of mature crops, and those that contain 

humic material, like composts, are critical to the long-

term building of soil health. Biochar, which decomposes 

slowly over hundreds of years, is perhaps the most sta-

ble material. If, for example, aggregate stability or active 

carbon levels are low, the application of easily decom-

posable	materials	will	be	beneficial	in	the	short	term.	

However, these materials disappear quickly and need 

to be added regularly to maintain good aggregation. For 

chAPter 23 Putting it all together

Table 23.2 
Linking Soil Health Measurements to General Management Solutions

Suggested Management Practices

Physical Concerns Short-Term or Intermittent Long-Term

Low aggregate stability Fresh organic materials (shallow-rooted cover/rotation 
crops, manure, green clippings) Reduced tillage, surface mulch, rotation with sod crops

Low available water capacity Stable organic materials (compost, crop residues high 
in lignin, biochar) Reduced tillage, rotation with sod crops

High surface density
Limited mechanical soil loosening (e.g., strip tillage, 
aerators), shallow-rooted cover crops, biodrilling, fresh 
organic matter

Shallow-rooted cover/rotation crops, avoiding traffic 
on wet soils, controlled traffic

High subsurface density Targeted deep tillage (zone building, etc.); deep-rooted 
cover crops

Avoiding plows/disks that create pans; reduced 
equipment loads and traffic on wet soils

Biological Concerns

Low organic matter content Stable organic matter (compost, crop residues high in 
lignin, biochar); cover and rotation crops Reduced tillage, rotation with sod crops

Low active carbon Fresh organic matter (shallow-rooted cover/rotation 
crops, manure, green clippings) Reduced tillage, rotation

Low mineralizable N N-rich organic matter (leguminous cover crops, 
manure, green clippings)

Cover crops, manure, rotations with forage legume sod 
crop, reduced tillage

High root rot rating Disease-suppressive cover crops, disease-breaking 
rotations

Disease-suppressive cover crops, disease-breaking 
rotations, IPM practices

Chemical Concerns

Low CEC Stable organic matter (compost, lignaceous/cellulosic 
crop residues, biochar), cover and rotation crops Reduced tillage, rotation

Unfavorable pH Liming materials or acidifier (such as sulfur) Repeated applications based on soil tests

Low P, K Fertilizer, manure, compost, P-mining cover crops, 
mycorrhizae promotion

Repeated application of P, K materials based on soil 
tests; increased application of sources of organic 
matter; reduced tillage

High salinity Subsurface drainage and leaching Reduced irrigation rates, low-salinity water source, 
water table management

High sodium Gypsum, subsurface drainage, and leaching Reduced irrigation rates, water table management
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longer-term effects it is recommended to include more 

stable organic compounds and use reduced tillage.

Grain Crop Farms
Most grain crop farms export a lot of nutrients and are 

managed with a net loss of organic matter. Nevertheless, 

these	farms	provide	a	great	deal	of	flexibility	in	adopt-

ing alternative soil management systems because a wide 

range of equipment is available for grain production sys-

tems. You can promote soil health easily with reduced-

tillage systems, especially no-till, strip-till, and zone-till. 

Well-drained, coarse-textured soils are especially 

well	adapted	to	no-till	systems,	and	the	finer-textured	

soils do well with ridge-tillage or zone-tillage systems. 

Regardless of the tillage system that is used, travel on 

soils only when they’re dry enough to resist compac-

tion. However, managing no-till cropping on soils that 

are easily compacted is quite a challenge because there 

are few options to relieve compaction once it occurs. 

Controlled-traffic	farming	is	a	very	promising	approach,	

especially for such situations, although it may require 

adjustments of equipment and investment in a GPS 

guidance system.

Even if you use minimum-tillage 

systems	that	leave	significant	quantities	

of residue on the surface and decrease 

the severity of erosion, you also should 

use	sound	crop	rotations.	Consider	

rotations that use grass, legume, or a 

combination of grass and legume peren-

nial forage crops. Raising animals on 

what previously were exclusively crop 

farms, cooperating on rotations and 

manure management with a nearby 

livestock farm, or growing forage crops 

for sale gives you a wider choice of 

economically sound rotations and at the 

same time helps to cycle nutrients better. 

Incorporating these innovations into a 

conventional grain farm often requires an investment in 

new equipment and creatively looking for new markets 

for your products. There also are many opportunities to 

use cover crops on grain farms, even in reduced-tillage 

systems.

Organic	grain	crop	farms	do	not	have	the	flexibil-

ity in soil management that conventional farms have. 

Their main challenges are typically providing adequate 

nitrogen and controlling weeds. Tillage choices are 

limited because of the reliance on mechanical methods, 

instead of herbicides, to control weeds. On the posi-

tive side, organic farms already rely heavily on organic 

inputs through green or animal manures and composts 

to provide adequate nutrients to their crops, so their 

balance	sheet	(table	23.1)	is	often	very	good	despite	

the tillage. A well-managed organic farm usually uses 

many aspects of ecological soil management. However, 

erosion may remain a concern when you use clean and 

intensive tillage. It is important to think about reduc-

ing tillage intensity, using ridges or beds, controlling 

traffic,	and	perhaps	investing	in	a	good	planter.	New	

mechanical cultivators can generally handle higher 

residue and mulch levels and may still provide adequate 

Figure 23.2. Combining practices that promote soil health has an additive effect.

soil
health

reduced tillage, cover cropping, 
perennial forage rotation crops, 
manure or compost 

reduced tillage, cover cropping

reduced tillage

cover cropping

years
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weed control. Look into ways to increase surface cover, 

although this is a challenge without the use of chemical 

weed control. Alternatively, consider more traditional 

erosion control practices, such as strip cropping, as they 

work well with rotations involving sod and cover crops.

Crop-Livestock Farms
Diversified	crop-and-livestock	farms	have	an	inherent	

advantage	for	improving	soil	health.	Crops	can	be	fed	

to animals and manures returned to the soil, thereby 

providing a continuous supply of organic materials. For 

many livestock operations, perennial forage crops are an 

integral part of the cropping system, thereby reducing 

erosion potential and improving soil physical and bio-

logical properties. Soil health tests conducted on dairy 

farms in New York consistently show good results for 

most soil health indicators, although compaction is still 

often a concern. Nevertheless, integrated crop-livestock 

farms have challenges. Silage harvests do not leave 

much crop residue, which needs to be compensated with 

manure application or cover crops. Minimizing tillage is 

also important and can be done by injecting the manure 

or gently incorporating it with aerators or harrows, 

rather than plowing it under. Soil pulverization can be 

minimized by reducing secondary tillage, using strip or 

zone tillage, and establishing the crops with no-tillage 

planters and seeders.

Preventing soil compaction is important on many 

livestock-based farms. Manure spreaders are typically 

heavy and frequently go over the land at unfavorable 

times, doing a lot of compaction damage. Think about 

ways	to	minimize	this.	In	the	spring,	allow	the	fields	to	

dry adequately (do the ball test) before taking spreaders 

out. If there is no manure storage, building a structure to 

hold it temporarily allows you to avoid the most damag-

ing soil conditions. Frost manure injection completely 

avoids compacting the soil and, despite the generally nar-

row time window, should be considered in colder regions. 

Compaction	can	also	result	from	animal	grazing	on	wet	

soil, although it is generally limited to shallow depths. 

On pastures, regular aeration helps reduce this problem.

Livestock farms require special attention to nutri-

ent management and making sure that organic nutri-

ent sources are optimally used around the farm and no 

negative environmental impacts occur. This requires a 

comprehensive	look	at	all	nutrient	flows	on	the	farm,	

finding	ways	to	most	efficiently	use	them,	and	prevent-

ing problems with excesses.

Vegetable Farms
Soil quality management is especially challenging on 

vegetable farms. Many vegetable crops are sensitive to 

soil compaction and often pose greater challenges in 

pest management. Vegetable lands have generally been 

worked hard over many years and have a long way to go 

toward improved soil health. Most vegetable farms are 

not integrated with livestock production, and it is dif-

ficult	to	maintain	a	continuous	supply	of	fresh	organic	

matter. Bringing manure, compost, or other locally 

available sources of organic materials to the farm should 

be seriously considered. In some cases, vegetable farms 

can economically use manure from nearby livestock 

fIndInG creAtIve soLutIons
Dairy farmers in Vermont were concerned about soil 

health on their corn lands. The colder continental 

climate of the state limits the time window for cover 

crop establishment before winter dormancy sets 

in. Working together with University of Vermont 

specialists, the farmers experimented with shorter-

season corn varieties that mature seven to ten days 

earlier and increase the time window for cover crop 

establishment equivalently. They found that their corn 

yields were generally unaffected by the shorter grow-

ing season, but their ability to establish cover crops 

was greatly enhanced.
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operations or swap land with them in a rotation. Farms 

near	urban	areas	may	benefit	from	leaves	and	grass	

clippings and municipal or food waste composts, which 

are increasingly becoming available. In such cases, care 

should be taken to ensure that the compost does not 

contain contaminants.

Vegetable cropping systems are often well adapted to 

the use of cover crops because the main cropping season 

is generally shorter than those for grain and forage 

crops.	There	is	usually	sufficient	time	for	the	growth	of	

cover crops in the pre-, mid-, or post-season to gain real 

benefits,	even	in	colder	climates.	Based	on	identified	soil	

health constraints (see table 23.2) and growth win-

dows, vegetable growers often have a multitude of cover 

cropping options. Using the cover crop as a mulch (or 

importing mulch materials from off the farm) appears 

to be a good system for certain fresh market vegetables, 

as it keeps the crop from direct contact with the ground, 

thereby reducing the potential for rot or disease.

But many vegetable crops are highly susceptible to 

diseases, and selection of the right cover or rotation 

crop	is	critical.	For	example,	according	to	Cornell	plant	

pathologist George Abawi, bean root rot is suppressed 

by rapeseed crown vetch, wheat, and rye but is actually 

enhanced by white clover. Sudan grass can effectively 

remediate compaction, control pathogenic nematodes, 

and allelopathically control weeds, but it requires a long 

time	window	for	sufficient	growth.

The need to harvest crops during a very short period 

before quality declines regardless of soil conditions often 

results in severe compaction problems on large vegeta-

ble	farms	using	large-scale	equipment.	Controlled-traffic	

systems, including permanent beds, should be given 

serious consideration. Limiting compaction to narrow 

lanes and using other soil-building practices between 

them is the best way to avoid compaction damage under 

those conditions.

Fruit Farms
Many fruit crops, such as bramble, citrus, grape, and 

stone fruits, are perennials that take several years to 

establish and may be harvested for twenty or more 

years. This means that mistakes made during the 

establishment years can have negative impacts on future 

years and places the emphasis on addressing soil health 

concerns	in	the	establishment	phase.	Comprehensive	

soil	health	analyses	and	field	surveys	are	worthwhile	

investments, considering the expense of establishing 

orchards and vineyards. For tree and vine crops, the 

reconnaissance should pay attention to deeper soil lay-

ers, especially the presence of hard pans, acidity, and 

shallow water tables, because the quality of the fruits is 

More Is not ALWAYs better WIth GrAPevInes
To establish healthy grapevines a good soil is needed in the early years. But the best wines generally come from soils that are 

not overly fertile and allow for some water stress during the season. High organic matter and nitrogen contents in vineyard 

soils create overly abundant vegetative growth in grapevines, reducing fruit set and requiring repeated pruning. Also, impor-

tant traits of wines are enhanced by the presence of the grapes’ anthocyanin pigments, which contribute to both the taste 

and the color of wine. Mild water stress and reduced root growth during the early summer (between bloom and the beginning 

of the ripening stage) increase the content of these pigments. Poor drainage and aeration are bad for wine quality. Some of 

the world’s best wines are grown on soils that allow for deep rooting; are calcareous, sandy, or gravelly; and are low in organic 

matter. The best climates experience water deficits during the growing season, which can be supplemented by irrigation if 

needed. This complex interaction between soil, climate, and vine is referred to as terroir.
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often	strongly	influenced	by	deep	roots.

Any soil health concern should be addressed prior 

to transplanting. Depending on the results of tests and 

field	analyses,	it	is	often	worthwhile	to	perform	one-

time investments like drainage installation, in-row deep 

ripping, and deep lime and compost incorporations, as 

these	are	difficult	to	perform	after	the	establishment	of	

trees, vines, or canes.

Post-establishment, the emphasis should be on man-

aging the surface layer. Avoiding compaction is impor-

tant, and maintaining good surface mulches is generally 

also	beneficial,	depending	on	the	crop	type.

SOME FINAl THOUgHTS
The old folk saying “The farmer’s footprint is the best 

fertilizer”	could	be	modified	to	“The	farmer’s	footprint	

is the best path to improved soil health.” If you don’t 

already do so, begin to regularly observe and record 

the	variability	in	crop	yield	across	your	fields.	Take	the	

time to track production from the various sections of 

your	fields	that	seem	different.	Compare	your	observa-

tions with the results of your soil tests, so you can be 

sure	that	the	various	areas	within	a	field	are	receiving	

optimum management. Each of the farming systems 

discussed above has its limitations and opportunities 

for building better soils, although the approaches and 

details may differ. Whatever crops you grow, when you 

creatively combine a reasonable number of practices 

that promote high-quality soils, most of your farm’s soil 

health problems should be solved along the way, and 

the yield of your crops should improve. The soil will 

have more available nutrients, more water for plants to 

use, and better tilth. There should be fewer problems 

with diseases, nematodes, and insects, all resulting in 

reduced use of expensive inputs. By concentrating on 

the practices that build high-quality soils, you also will 

leave a legacy of land stewardship for your children and 

their children to inherit and follow.
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Acid. A solution containing free hydrogen ions (H+) or a 

chemical that will give off hydrogen ions into solution.

Acidic soil. A soil with a pH below 7. The lower the pH, 

the more acidic the soil.

Aggregates. The structures, crumbs, or clumps formed 

when soil minerals and organic matter are bound 

together with the help of organic molecules, plant roots, 

fungi, and clays.

Alkaline soil. A soil with a pH above 7, containing 

more base than acid.

Allelopathic effect. Suppression of the germination or 

growth of one plant by another. The chemicals respon-

sible for this effect are produced during the growth of a 

plant or during its decomposition. 

Ammonium. A form of nitrogen (NH4
+) that is avail-

able to plants and is produced in the early stage of 

organic matter decomposition.

Anion. A negatively charged element or molecule such 

as	chloride	(Cl–) or nitrate (NO3
–).

Aquifer. A source of groundwater below the land 

surface.

Available nutrient. The form of a nutrient that a plant 

is able to use. Nutrients are commonly found in the soil 

in forms that the plant can’t use (such as organic forms 

of nitrogen) and must be converted into forms that the 

plant is able to take into its roots and use (such as the 

nitrate form of nitrogen).

Ball test. A	simple	field	test	to	determine	soil	readiness	

for tillage. A handful of soil is squeezed into a ball. If the 

soil holds together, it is in the plastic state and too wet 

for	tillage	or	field	traffic.	If	it	crumbles,	it	is	in	the	friable	

state.

Base. Something that will neutralize an acid, such as 

hydroxide or limestone.

glossary

Beds. Small hilled-up, or raised, zones where crops 

(usually vegetables) are planted. They provide better-

drained and warmer soil conditions. They are similar 

to ridges but generally broader, and they are usually 

shaped after conventional tillage has occurred. 

Buffering. Slowing or inhibiting changes. For example, 

buffering can slow pH changes by neutralizing acids 

or bases. A substance that can buffer a solution is also 

called a buffer. 

Bulk density. The mass of dry soil per unit volume; an 

indicator of the density and compactness of the soil.

Calcareous soil.	A	soil	in	which	finely	divided	lime	is	

naturally distributed; it usually has a pH between 7 and 

slightly	more	than	8.

Cation.	A	positively	charged	ion	such	as	calcium	(Ca++) 

or ammonium (NH4
+).

Cation exchange capacity (CEC). The amount of 

negative charge that exists on humus and clays, allow-

ing them to hold on to positively charged chemicals 

(cations).

Chelate. A molecule that uses more than one bond to 

attach strongly to certain elements such as iron (Fe++) 

and zinc (Zn++). These elements may later be released 

from the chelate and used by plants.

C:N ratio. The amount of carbon divided by the 

amount of nitrogen in a residue or soil. A high ratio 

results in low rates of decomposition and can also result 

in a temporary decrease in nitrogen nutrition for plants, 

as microorganisms use much of the available nitrogen.

Coarse-textured soil. Soil dominated by large 

mineral particles (the size of grains of sand); may also 

include gravels. Used to be called “light soil.” 

Colloid. A very small particle with a high surface area 

that can stay in a water suspension for a very long time. 

The colloids in soils—the clay and humus molecules—are 
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usually found in larger aggregates and not as individual 

particles. These colloids are responsible for many of 

the chemical and physical properties of soils, including 

cation exchange capacity, chelation of micronutrients, 

and development of aggregates.

Compost. Organic material that has been well decom-

posed by organisms under conditions of good aeration 

and high temperature, often used as a soil amendment.

Controlled traffic. The	restriction	of	field	equipment	

to limited travel or access lanes in order to reduce com-

paction	on	the	rest	of	the	field.

Conventional tillage. Preparation of soil for planting 

by using a moldboard plow followed by disking or har-

rowing. It usually breaks down aggregates, buries most 

crop residues and manures, and leaves the soil smooth.

Coulter. A	fluted	or	rippled	disk	mounted	on	the	front	

of a planter to cut surface crop residues and perform 

minimal soil loosening prior to seed placement. Multiple 

coulters are used on zone-till planters to provide a wider 

band of loosened soil.

Cover crop. A crop grown to protect the soil from ero-

sion during the time of the year when it would otherwise 

be bare. Sometimes called a green manure crop.

Crumb. A soft, porous, more or less round soil aggre-

gate. Generally indicative of good soil tilth.

Crust. A thin, dense layer at the soil surface that 

becomes hard upon drying.

Deep tillage. Tillage that loosens the soil at a greater 

depth	(usually	more	than	8	inches)	than	regular	tillage.

Denitrification. The process by which soil organisms 

convert dissolved nitrate to gaseous nitrogen under 

anaerobic (low-oxygen) conditions. This occurs when 

soils become saturated and results in losses of nitrous 

oxide (a potent greenhouse gas) and dinitrogen (N2, an 

inert gas).

Disk. An implement for harrowing, or breaking up, the 

soil. It is commonly used following a moldboard plow 

but is also used by itself to break down aggregates, help 

mix fertilizers and manures with the soil, and smooth 

the soil surface.

Drainage. The loss of soil water by percolation down 

through the soil  as a result of the gravitational force. 

Also: Removal of excess soil water through the use of 

channels, ditches, soil shaping, or subsurface drain 

pipes.

Elements. Components	of	all	matter.	Seventeen	ele-

ments are essential for plant growth; elements such as 

carbon, oxygen, and nitrogen combine to form larger 

molecules.

Erosion. The wearing away of soil by runoff water 

(water erosion), wind shear (wind erosion), or tillage 

(tillage erosion).

Evaporation. The loss of water from the soil surface as 

vapor. 

Evapotranspiration. The combined processes of 

evaporation and transpiration.

Fertigation. The application of soluble fertilizers 

through an irrigation system, which allows for nutrient 

spoonfeeding of plants.

Field capacity. The water content of a soil following 

drainage by gravity.

Fine-textured soil. Soil dominated by small mineral 

particles (silt and clay). Sometimes called “heavy soil.” 

Friable soil. Soil that crumbles when force is applied. 

A soil generally goes from the plastic to the friable state 

when it dries.

Frost tillage. Tillage	performed	when	a	shallow	(2–4-

inch) frozen layer exists at the soil surface.

Full-field (full-width) tillage. Tillage that results in 

loosening soil over the entire width of the tillage pass—

for example, moldboard plowing, chisel tillage, and 

disking.

Green manure. A crop grown for the main purpose of 

building up or maintaining soil organic matter; some-

times called a cover crop.

glossary

2014 Current Issue Study Packet pg 296



Building SoilS for Better CropS: SuStainaBle Soil ManageMent

279

Groundwater. Water contained below the ground 

surface, typically in the pore spaces of underground 

geologic deposits.

Heavy soil. Nowadays	usually	called	“fine-textured	

soil,”	it	contains	a	lot	of	clay	and	is	usually	more	difficult	

to work than coarse-textured soil. It normally drains 

slowly following rain.

Humus. The well-decomposed part of the soil organic 

matter. It has a high cation exchange capacity.

Infiltration. The process of water entering the soil at 

the surface.

Inorganic chemicals. Chemicals	that	are	not	made	

from chains or rings of carbon atoms—for example, soil 

clay minerals, nitrate, and calcium.

Irrigation. The application of water to soil to provide 

better moisture conditions for crop growth. Flood and 

furrow irrigation practices pond the soil with water for 

a	limited	time	and	allow	it	to	infiltrate.	Micro-irrigation, 

including drip, trickle, and microsprinkler irrigation, 

refers to a set of practices that apply localized irrigation 

water at low rates through small tubes and emitters and 

are generally water conserving. Supplemental irriga-

tion refers to a practice used in humid regions where 

rainfall provides most crop water needs and irrigation is 

primarily used to maintain adequate soil moisture levels 

during limited drought periods. Deficit irrigation refers 

to a water-conserving practice whereby water supply is 

reduced below maximum levels and mild crop stress is 

allowed, with minimal effects on yield.

Landslide. The instantaneous downward fall of large 

soil volumes as a result of gravity. Landslides may occur 

on steep slopes when they become supersaturated with 

water.

Least-limiting water range. See Optimum water 

range.

Legume. Plants—including beans, peas, clovers, and 

alfalfa—that form a symbiotic relationship with nitrogen-

fixing	bacteria	living	in	their	roots.	These	bacteria	help	to	

supply the plants with an available source of nitrogen.

Lignin. A substance found in woody tissue and in the 

stems	of	plants	that	is	difficult	for	soil	organisms	to	

decompose.

Lime or limestone. A mineral consisting of calcium 

carbonate	(CaCO3) that can neutralize acids and is com-

monly applied to acid soils.

Loess soil. Soil formed from windblown deposits of 

silty	and	fine-sand-size	minerals;	they	are	easily	eroded	

by wind and water.

Micronutrient. An element, such as zinc, iron, copper, 

boron, or manganese, that is needed by plants in only 

small amounts.

Microorganisms. Very small and simple organisms 

such as bacteria and fungi.

Mineralization. The process by which soil organisms 

change organic elements into the “mineral” or inorganic 

form as they decompose organic matter; for example, 

organic forms of nitrogen are converted to nitrate.

Moldboard plow. A commonly used plow that com-

pletely turns over the soil and incorporates any surface 

residues, manures, or fertilizers deeper into the soil.

Mole drainage. A practice used on heavy clay soils 

whereby water is removed through subsurface chan-

nels	2–3	feet	deep.	This	practice	does	not	involve	pipes;	

the channels are generated with the use of a bullet-type 

plow.	Channels	generally	need	to	be	rebuilt	every	four	to	

six years.

Monoculture. Production of the same crop in the 

same	field	year	after	year.

Mulch. Organic materials like straw and wood chips 

that are applied to soil as a surface cover; generally also 

includes cover crop material left on the surface and 

heavy amounts of crop residues left at the soil surface 

after harvest.

Mycorrhizal relationship. The	mutually	beneficial	

relationship that develops between plant roots of most 

crops and fungi. The fungi help plants obtain water 

and phosphorus by acting like an extension of the root 
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system and in return receive energy-containing chemical 

nutrients from the plant.

Nitrate (NO3
–). The form of nitrogen that is most 

readily available to plants and is normally found in the 

greatest abundance in agricultural soils.

Nitrification. The process by which soil microorgan-

isms convert ammonium into nitrate.

Nitrogen fixation. The conversion of atmospheric 

nitrogen by bacteria to a form that plants can use. A 

small number of bacteria, including the rhizobia living 

in the roots of legumes, are able to make this conversion.

Nitrogen immobilization. The transformation of 

available forms of nitrogen, such as nitrate and ammo-

nium, into organic forms that are not readily available 

to plants.

No-till. A system of planting crops without tilling the 

soil with a plow, disk, chisel, or other tillage implement.

Optimum water range. The range of soil water 

content in which plants do not experience stress from 

drought, high soil strength, or lack of aeration.

Organic chemicals.	Chemicals	that	contain	chains	or	

rings of carbon connected to one another. Most of the 

chemicals in plants, animals, microorganisms, and soil 

organic matter are organic.

Oxidation. The combining of a chemical such as 

carbon with oxygen, usually resulting in the release of 

energy.

Penetrometer. A device that measures soil resis-

tance to penetration, which indicates the degree of 

compaction; it has a cone-tipped metal shaft that is 

slowly pushed into the soil while the resistance force is 

measured.

Perennial forage crops. Crops	such	as	grasses,	

legumes, and grass-legume mixtures that form a com-

plete soil cover (sod) and are grown for pasture or to 

make hay and haylage for animal feed.

pH. A way of expressing the acid status, or hydrogen ion 

(H+) concentration, of a soil or a solution on a scale on 

which 7 is neutral, less than 7 is acidic, and greater than 

7 is basic.

Photosynthesis. The process by which green plants 

capture the energy of sunlight and use carbon dioxide 

from the atmosphere to make molecules needed for 

growth and development.

Plastic. The state of a soil that molds easily when force 

is	applied.	Compare	to	Friable.

Plastic limit. The water content of soil at the transi-

tion from the plastic to the friable state; the upper limit 

of	soil	moisture	at	which	tillage	and	field	traffic	do	not	

result in excessive compaction damage.

Polyculture. The growth of more than one crop in a 

field	at	the	same	time.

PSNT. The pre-sidedress nitrate test is a soil test for 

nitrogen availability in which the soil is sampled to a 

depth	of	1	foot	during	the	early	crop	growth.

Raised beds.	Crops	grown	in	rows	that	are	raised	

from the inter-row areas to provide better drainage and 

aeration and deeper topsoil. Raised beds are wider than 

ridges	but	aim	to	achieve	the	same	benefits.

Recycled wastewater. Water derived from the 

treatment of municipal wastewater and used for crop 

irrigation.

Respiration. The biological process that allows living 

things to use the energy stored in organic chemicals. 

In this process, carbon dioxide is released as energy is 

made available to do all sorts of work.

Restricted tillage. Tillage that includes only limited 

and localized soil disturbance in bands where plant rows 

are to be established—for example, no-till, zone-till, 

strip-till,	and	ridge-till	systems.	Compare	with	Full-

field tillage.

Rhizobia bacteria. Bacteria that live in the roots of 

legumes	and	have	a	mutually	beneficial	relationship	

with	the	plant.	These	bacteria	fix	nitrogen,	providing	it	

to the plant in an available form, and in return receive 

energy-rich molecules that the plant produces.
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Ridge tillage. Planting crops on top of small ridges 

(usually	2–4	inches	in	height),	which	are	generally	 

re-formed annually with a special cultivator.

Rotation effect. The	crop-yield	benefit	from	rotations,	

which includes better nutrient availability, fewer pest 

problems, and better soil structure.

Runoff. Water	lost	by	flow	over	the	soil	surface.

Saline soil. Soil that contains excess free salts, usually 

sodium and calcium chlorides.

Saturated soil. Soil	whose	pores	are	filled	with	water,	

resulting in a virtual absence of soil air.

Silage. A feed produced when chopped-up corn plants 

or wilted hay is put into airtight storage facilities (silos) 

and partially fermented by bacteria. The acidity pro-

duced by the fermentation and the lack of oxygen help 

preserve the quality of the feed during storage.

Slurry (manure). Manure that is between solid and 

liquid;	it	flows	slowly	and	has	the	consistency	of	a	very	

thick soup.

Sod crops. Grasses or legumes such as timothy and 

white clover that tend to grow very close together and 

form a dense cover over the entire soil surface.

Sodic soil. Soil containing excess amounts of sodium. 

If it is not also saline, clay particles disperse, and the soil 

structure may be poor.

Soil structure. The physical condition of the soil, 

which depends on the number of pores, the arrange-

ment of soil solids into aggregates, and the degree of 

compaction.

Strip cropping. Growing two or more crops in alter-

nating strips, usually along the contour or perpendicular 

to the prevailing wind direction.

Surface water. Water at the land surface, including 

streams, ponds, lakes, estuaries, seas, and oceans.

TDR (time-domain deflectometry).  Method for 

assessing water contents of soils by measuring the 

medium’s dielectric properties (its ability to conduct  

electromagnetic waves). Typically involves metal rods 

that are inserted into soil.

Texture.	A	soil’s	sand,	silt,	and	clay	content.	“Coarse-

textured” means that a soil has a high sand content, while 

“fine-textured”	means	that	a	soil	has	a	high	clay	content.

Thermophilic bacteria. Bacteria that live and work 

best	under	high	temperatures,	around	110°–140°F.	They	

are responsible for the most intense stage of decomposi-

tion that occurs during composting.

Tile drainage. Removal of excess soil water through 

pipes	buried	in	the	soil,	typically	3–4	feet	deep.	

Traditionally, the pipes were made of clay tile, but they 

are	now	corrugated	flexible	PVC	pipes	with	perforations.

Tillage. The mechanical manipulation of soil, generally 

for the purpose of loosening the soil, creating a seed-

bed, controlling weeds, or incorporating amendments. 

Primary tillage (moldboard plowing, chiseling) is a 

more rigorous practice, primarily for loosening soil and 

incorporating amendments. Secondary tillage (disking, 

harrowing) is a less rigorous practice, following primary 

tillage,	that	creates	a	seedbed	containing	fine	aggregates.

Tillage erosion. The downslope movement of soil 

caused by the action of tillage implements.

Tilth. The physical condition, or structure, of the soil as 

it	influences	plant	growth.	A	soil	with	good	tilth	is	very	

porous	and	allows	rainfall	to	infiltrate	easily,	permits	

roots to grow without obstruction, and is easy to work.

Transpiration. The loss of water from the soil through 

plant uptake and evaporation from leaf surfaces.

Wilting point. The point at which a soil contains only 

water that is too tightly held to be available to plants.

Yield monitor. A computerized data acquisition system 

on a crop harvester—typically, a grain combine—that 

records	and	provides	maps	of	crop	yield	in	fields	on	the	go.

Zone tillage. A restricted tillage system that estab-

lishes	a	narrow	(4–6-inch)	band	of	loosened	soil	with	

surface residues removed. This is accomplished using 

multiple coulters and row cleaners as attachments on 

a planter. It may include a separate “zone-building” 

practice that provides deep, narrow ripping without 

significant	surface	disturbance.	It	is	a	modification	of	no	

tillage, generally better adapted to cold and wet soils. 
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gENERAl INFORMATION SOURcES
USDA supports three programs with the sole mission of promoting 
sustainable agriculture across America:

•		 SARE—Sustainable Agriculture Research and Education, 
the publisher of this book, is a grassroots grants and outreach 
program that advances sustainable innovations to the whole of 
American agriculture. Projects that explore practices to build 
better soils have been a cornerstone of SARE’s grant-making 
portfolio	since	the	organization	was	created	in	1988.	SARE	also	
produces a wealth of information products, from books such as 
this one and Managing Cover Crops Profitably to bulletins on 
topics such as organic agriculture to online courses for ag educa-
tors.	To	find	out	about	SARE	grants	or	to	download	or	order	
publications, visit www.sare.org.

•		 ATTRA—The National Sustainable Agriculture Information 
Service provides assistance and free publications and resources 
on topics such as sustainable soil management, drought-resistant 
soils, cover crops and green manures, farm-scale composting, 
and nutrient cycling in pastures. To download reports, visit www.
attra.ncat.org	or	call	800-346-9140.

•		 AFSIC—The Alternative Farming Systems Information Center 
compiles bibliographies and resource lists on topics of current 
interest, such as soil quality, soil amendments and nutrient 
management, compost and composting, and much more. To view 
AFSIC’s	resources,	visit	afsic.nal.usda.gov	or	call	301-504-6559.	

Further,	most	state	Cooperative	Extension	offices	publish	leaflets	
and booklets on manures, soil fertility, cover crops, and other sub-
jects described in this book. Request a list of publications from your 
county	extension	office.	A	number	of	states	also	have	sustainable	
agriculture centers that publish newsletters. 

NRAES, the Natural Resource, Agriculture, and Engineering 
Service (www.nraes.org) publishes practical books on most aspects 
of farming.

The Rodale Institute’s New Farm website (rodaleinstitute.org/
new_farm) offers practical information to farmers through a diverse 
collection of resources and web links on soil health, cover crops, 
composts, and related topics. 

MANURES, FERTIlIZERS, TIllAgE, AND ROTATIONS 
Best Management Practices Series: Soil Management, Nutrient 

Management, and No-Till (http://www.omafra.gov.on.ca/
english/environment/bmp/series.htm), Ontario Ministry of 
Agriculture, Food, and Rural Affairs. This website provides prac-
tical information on these subjects to farmers and crop advisers. 
Available	from	Ontario	Federation	of	Agriculture,	416-326-5300,	
or online at https://www.publications.serviceontario.ca/ecom/.

Cedar	Meadow	Farms	website	(www.cedarmeadowfarm.com).	Steve	
Groff maintains this site, which covers the practices he uses on 
his farm—especially using no-till and cover crops. 

“Crop	Rotations	in	Sustainable	Production	Systems,”	C.A.	Francis	
and	M.D.	Clegg	(1990),	pp.	107–122	in	Sustainable Agricultural 
Systems,	C.A.	Edwards,	ed.	CRC	Press,	Boca	Raton,	FL.

Diversifying Cropping Systems (2008).	Sustainable	Agriculture	
Research and Education (SARE). A 20-page bulletin on the soil 
and	yield	benefits	of	diversifying	crops	on	farms	and	ranches. 
Download at www.sare.org.

The Farmer’s Fertilizer Handbook,	Craig	Cramer	and	the	editors	of	
the	New	Farm	(1986).	Regenerative	Agriculture	Association,	Em-
maus, PA. This handbook contains lots of very good information 
on soil fertility, soil testing, use of manures, and use of fertilizers.

Fertile Soil: A Growers Guide to Organic and Inorganic Fertilizers, 
R.	Parnes	(1990).	Fertile	Ground	Books,	PO	Box	2008,	Davis,	CA	
95617,	800-540-0170.

Managing Cover Crops Profitably,	3rd	ed.,	A.	Clark,	ed.	(2007).	
Sustainable Agriculture Research and Education (SARE). An 
excellent, comprehensive source of practical information about 
when, where, and how to use cover crops in every region of the 
country.	$19	plus	$5.95	s/h	to	Sustainable	Agriculture	Publica-
tions, PO Box 753, Waldorf, MD 20604-0753; www.sare.org.

Manures for Organic Crop Production,	George	Kuepper.	ATTRA,	
http://attra.ncat.org/attra-pub/manures.html.

Michigan Field Crop Ecology: Managing Biological Processes for 
Productivity and Environmental Quality,	M.A.	Cavigelli,	S.R.	
Deming,	L.K.	Probyn,	and	R.	R.	Harwood,	eds.	(1998).	Extension	
Bulletin E- 2646. Michigan State University, East Lansing, MI.

Soil Fertility and Organic Matter as Critical Components of Pro-
duction Systems, R.F.	Follett,	J.W.B.	Stewart,	and	C.V.	Cole,	eds.	
(1987).	SSSA	Special	Publication	No.	19.	Soil	Science	Society	of	
America, American Society of Agronomy, Madison, WI.

Soil Management for Sustainability,	R.	Lal	and	F.J.	Pierce,	eds.	
(1991).	Soil	and	Water	Conservation	Society,	7515	NE	Ankeny	
Road, Ankeny, IA.  

Soils for Management of Organic Wastes and Wastewaters, L.F. 
Elliott	and	F.	J.	Stevenson,	eds.	(1977).	Soil	Science	Society	of	
America, Madison, WI.

USDA	Natural	Resources	Conservation	Service	/	Soil	Quality	
Institute—Agronomy	Technical	Notes	Series.	The	NRCS	 
Technical Notes Series provides an excellent introduction to 
cover crops, effect of conservation crop rotation on soil quality, 
effects of residue management and no-till on soil quality, le-
gumes and soil quality, and related topics. http://soils.usda.gov/
sqi/publications/publications.html#sq_tn. 
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SOIlS, IMPORTANcE OF ORgANIc MATTER,  
SOIl ORgANISMS, AND cOMPOSTINg 
Biological Approaches to Sustainable Soil Systems, N. Uphoff, A. 
Ball,	E.	Fernandes,	H.	Herren,	O.	Husson,	M.	Laing,	C.	Palm,	
J.	Pretty,	and	P.	Sanchez,	eds.	(2006).	CRC	Press	/	Taylor	and	
Francis, Boca Raton, FL.

Cedar	Meadow	Farms	website (www.cedarmeadowfarm.com). Steve 
Groff maintains this site, which covers the practices he uses on 
his farm—especially using no-till and cover crops. 

Cornell	Composting	website	(http://www.css.cornell.edu/compost/
Composting_Homepage.html).	Maintained	by	the	Cornell	Waste	
Management Institute, this site contains a wealth of information, 
including the science and engineering of compost.

Cornell	Soil	Health	website	(www.soilhealth.cals.cornell.edu)	 
contains information about soil health and assessment.

Ecology of Compost,	D.	Dindal	(1972).	Office	of	News	and	 
Publications,	122	Bray	Hall,	SUNY	College	of	Environmental	
Science	and	Forestry,	1	Forestry	Drive,	Syracuse,	NY	13210-2778,	
315-470-6644.

“Effects	of	Conversion	to	Organic	Agricultural	Practices	on	Soil	
Biota,”	M.R.	Werner	and	D.L.	Dindal	(1990),	American Journal 
of Alternative Agriculture	5(1):	24–32.

The Field Guide to On-Farm Composting, M.	Dougherty,	ed.	(1999).	
NRAES-114.	Natural	Resource,	Agriculture,	and	Engineering	
Service,	152	Riley	Robb	Hall,	Cooperative	Extension,	Ithaca,	NY	
14853-5701,	www.nraes.org.	

The Nature and Properties of Soils, 14th	ed.,	N.C.	Brady	and	R.R.	
Weil	(2007).	Prentice	Hall,	Upper	Saddle	River,	NJ.	

NRCS	Soil	Quality	website	(soils.usda.gov/sqi/).	The	Soil	Quality	
Institute	identifies	soil	quality	research	findings	and	practical	
technologies that help conserve and improve soil, and enhance 
farming, ranching, forestry, and gardening enterprises. 

On Farm Composting,	R.	Rynk,	ed.	(1992).	NRAES-54.	Natural	
Resource,	Agriculture,	and	Engineering	Service,	152	Riley	Robb	
Hall,	Cooperative	Extension,	Ithaca,	NY	14853-5701	or	www.
nraes.org. 

The Pedosphere and Its Dynamics: A Systems Approach to Soil 
Science, N.G.	Juma	(1999).	Pedosphere.com,	an	award-winning	
website	on	soil	science.	University	of	Alberta,	Canada,	 
www.pedosphere.com. 

Phytohormones in Soils: Microbial Production and Function, W.T. 
Frankenberger	Jr.		and	M.	Arshad	(1995).	Marcel	Dekker,	New	
York, NY.

The Rodale Book of Composting: Easy Methods for Every Gar-
dener,	D.L.	Martin	and	G.	Gershuny,	eds.	(1992).	Rodale	Press,	
Emmaus, PA.

“Soil Biology Primer” (http://soils.usda.gov/sqi/concepts/soil_biol-
ogy/biology.html)	by	the	USDA’s	Natural	Resources	Conserva-
tion Service presents an introduction to the living soil system for 
natural resource specialists, farmers, and others. This set of eight 
units describes the importance of soil organisms and the soil food 
web to soil productivity and water and air quality. Hard copies 
can be purchased at http://www.swcs.org/en/publications/
soil_biology_primer/.

Soil Microbiology and Biochemistry,	E.A.	Paul	and	F.E.	Clark	
(1989).	Academic	Press,	San	Diego,	CA.

Soil Microbiology: An Exploratory Approach,		M.S.	Coyne	(1999).	
Delmar Publishers, Albany, NY.

Soil Organic Matter in Sustainable Agriculture, F.R. Magdoff and 
R.	Weil,	eds.	(2004).	CRC	Press,	Boca	Raton,	FL.

cOVER cROPS 
Cover Crops for Clean Water,	W.L.	Hargrove,	ed.	(1991).	Soil	and	
Water	Conservation	Society,	7515	NE	Ankeny	Road,	Ankeny,	IA	
50021,	515-289-2331;	www.swcs.org/en/publications/cover_
crops_for_clean_water.cfm. 

“Crop	Rotations	in	Sustainable	Production	Systems,”	C.A.	Francis	
and	M.D.	Clegg	(1990),	pp.	107–122	in	Sustainable Agricultural 
Systems,	C.A.	Edwards,	ed.	CRC	Press,	Boca	Raton,	FL.	

Green Manuring Principles and Practices,	A.J.	Pieters	(1927).	John	
Wiley & Sons, New York, NY. An oldie but goody. This is an out-
of-print book that can sometimes be located in college libraries 
or borrowed through an inter-library loan.

Managing Cover Crops Profitably,	3rd	ed.,	A.	Clark,	ed.	(2007).	
Sustainable Agriculture Research and Education (SARE). An 
excellent, comprehensive source of practical information about 
when, where, and how to use cover crops in every region of the 
country.	$19	plus	$5.95	s/h	to	Sustainable	Agriculture	Publica-
tions, PO Box 753, Waldorf, MD 20604-0753; www.sare.org.

Northeast Cover Crop Handbook,	M.	Sarrantonio	(1997).	Soil	
Health	Series.	Rodale	Institute,	Kutztown,	PA.

The Role of Cover Crops in Integrated Crop Production Systems, 
J.F.	Power	and	V.O.	Biederbeck.	Soil	and	Water	Conservation	
Society,	7515	NE	Ankeny	Road,	Ankeny,	IA	50021,	515-289-2331;	
http://www.swcs.org/documents/filelibrary/CCCW10.pdf.

The Role of Legumes in Conservation Tillage Systems, J.F.	Power,	
ed.	(1987).	Soil	and	Water	Conservation	Society,	7515	NE	Ankeny	
Road,	Ankeny,	IA	50021,	515-289-2331.

University	of	California’s	SAREP	(Sustainable	Agriculture	Research	
and	Education	Program).	The	UC-SAREP	Cover	Crops	Resource	
Page (www.sarep.ucdavis.edu/ccrop/) provides access to a host 
of online and print educational materials, including the very 
informative	UC-SAREP	Cover	Crop	Database.
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DYNAMIcS AND cHEMISTRY OF ORgANIc MATTER 
Building Soils for Better Crops, 1st	ed.,	F.	Magdoff	(1992).	Univer-

sity of Nebraska Press, Lincoln, NE. The last two chapters of the 
first	edition	contain	information	on	the	chemistry	and	dynamics	
of soil organic matter.

Humic, Fulvic, and Microbial Balance: Organic Soil Conditioning, 
W.R.	Jackson	(1993).	Jackson	Research	Center,	Evergreen,	CO.

Humus Chemistry: Genesis, Composition, Reactions,	2nd	ed.,	F.J.	
Stevenson	(1994).	John	Wiley	&	Sons,	New	York,	NY.

“Soil	Carbon	Dynamics	and	Cropping	Practices,”	R.E.	Lucas,	J.B.	
Holtman,	and	J.L.	Connor	(1977),	pp.	333–351	in	Agriculture 
and Energy, W. Lockeretz, ed. Academic Press, New York, NY.

Soil Organic Matter,	M.	Schnitzer	and	S.U.	Kahn,	eds.	(1978).	
Developments	in	Soil	Science	8.	Elsevier	Scientific	Publishing,	
Amsterdam, Holland.

“Soil	Organic	Matter	and	Its	Dynamics,”	D.S.	Jenkinson	(1988),	pp.	
564–607	in	Russell’s Soil Conditions and Plant Growth, A. Wild, 
ed.	John	Wiley	&	Sons,	New	York,	NY.

SOIl TESTINg 
Laboratories
Most state land grant universities have soil testing laboratories  
that	can	be	found	through	your	local	extension	office	or	by	 
searching online for your state laboratory. A number of commercial 
laboratories also perform routine soil analyses. The Soil Science 
Society	of	America	administers	a	laboratory	proficiency	testing	 
program	(NAPT).	A	list	of	certified	laboratories	is	available	at	 
http://www.naptprogram.org/. The ATTRA publication  
Alternative Soil Testing Laboratories is available online at  
www.attra.org/attra-pub/soil-lab.html, as well as in print.

Publications 
Soil Testing: Prospects for Improving Nutrient Recommendations, 
J.L.	Havlin	et	al.,	eds.	(1994).	Soil	Science	Society	of	America,	
Madison, WI.

Soil Testing: Sampling Correlation, Calibration, and Interpreta-
tion, J.R.	Brown,	T.E.	Bates,	and	M.L.	Vitosh	(1987).	Special	Pub-
lication	21.	Soil	Science	Society	of	America,	Madison,	WI.
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A
acid soils, 5, 25

acidification,	72

actinomycetes, 40

active carbon test, 264

aeration,	24,	50–52,	65,	136;	and	compaction,	183,	273;	and	

compost,	141;	and	saturation,	262

aerators,	164,	165	(fig.	15.4)

aggregation:	and	compaction,	162–163;	formation	of,	4,	31;	and	

hyphae,	41;	importance	of,	16;	and	organic	matter,	30;	and	

sodic	soils,	65–66,	193;	stability	of,	260,	264

agricultural	production	system,	xi–xii

agriculture	technologies,	251

Albrecht,	William,	251–252

alfalfa:	and	boron,	228;	as	cover	crop,	39,	105,	116,	117;	and	

potassium,	252;	in	rotations,	122–124,	220.	See also forage 

legume

algae,	41,	213,	214.	See also microorganisms; soil organisms

alkaline soils. See sodic soils

allelopathic	effects,	111

aluminum,	17–18

ammonium:	conversion	of,	135,	146;	in	manure,	130,	131,	132,	

134,	136;	measuring,	218;	as	nitrogen,	13,	19,	219;	reduction	

of,	93

ammonium	nitrate,	221,	222,	244

ammonium	phosphate,	212

ammonium	sulfate,	228

Anasazi,	58

anhydrous	ammonia,	209,	210,	221

animal enterprises, 206

animal farms: and compaction, 273; and fertilizer, 220; and 

nutrient	cycling,	70–74;	and	nutrient	management,	273;	and	

organic	matter	management,	96;	and	reduced	tillage,	183;	

aquatic crops, 55

aquatic plants. See algae

arid	and	semiarid	regions,	65–66,	260;	and	high-pH	soils,	237;	

irrigation	in,	193;	and	residue	management,	92;	soil	health	

in, 266

atrazine, 233

azotobacter, 40

b
bacteria:	amounts	of,	39;	habitat	of,	39;	nitrogen-fixing,	

39–40;	ratio	of,	to	fungi,	39,	265–266;	role	of,	39–40.	See 

also microorganisms; rhizobia; soil organisms

base	ratio	system,	238–239,	251–253

basic	cation	saturation	ratio	(BCSR),	238–239,	251–253

bat	houses,	100

bean root rot, 274

bean root rot bioassay, 264

Bear,	Firman,	251–252

beneficial	organisms,	78;	in	case	study,	99–100;	and	

conservation	management,	84,	89;	and	cover	crops,	102;	

and	pest	control,	81

Berlese	funnel,	261

berseem	clover,	104

biochar,	11,	271

biodiversity. See biological diversity

biofumigation,	109

biological	diversity:	importance	of,	43–44,	82;	maintaining,	97;	

and soil management, 44

biosolids. See sewage sludge

black	carbon,	10–11,	271

borax,	228

boron	deficiency,	228

brassicas:	as	cover	crops,	107,	108	(fig.	10.4)

buckwheat:	as	cover	crop,	107

buildup	and	maintenance	system,	237–238

c
calcium:	application	of,	66,	81;	and	CEC,	238,	239;	deficiency	

of,	228;	and	sludge,	94;	and	sodic	soils,	66,	67,	194,	228,	

233;	and	soil	tests,	243–248.	See also gypsum

calcium carbonate. See lime/limestone

calcium sulfate. See gypsum

Canavalia,	105

carbon:	forms	of,	12;	ratio	of,	to	nitrogen	(See	C:N	ratio);	in	

soils,	19

carbon	cycle,	18–19

carbon	dioxide:	release	of,	18–19

case	studies,	99–100,	113–114,	126–128,	139,	150–151,	185–186
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catch crops. See cover crops

cation	exchange	capacity,	227,	229–230,	243,	263

CEC.	See cation exchange capacity

charcoal. See black carbon

chelates,	15,	205

chemical	contamination,	65–67

chemical	elements,	13

chisel	plow:	and	compaction,	162	(table	15.1);	and	tillage,	156,	

165,	176	(table	16.1),	177

clay	soil,	14,	30,	31,	167–168,	199–200

climate,	55;	and	erosion,	153,	154;	and	humidity,	67,	135;	and	

temperature,	24,	105,	262

C:N	ratio,	93–94,	95,	106,	271

coastal	flooding:	areas	of,	266

Colonial	era,	27

community-supported	agriculture,	99,	206

compaction,	161–171;	and	aggregation,	55;	and	drainage,	

198;	effects	of,	31,	63–64,	65;	and	equipment,	61,	62–63,	

166–167;	and	germination,	60;	and	pest	control,	81;	

preventing,	164–170;	remedies	for,	162	(table	15.1);	and	

roots,	52,	63–64;	and	soil	moisture,	53–54,	195;	surface,	

60–62,	194–195;	and	tillage,	183

companion	crops,	83

compost,	141–149;	in	case	study,	150–151;	and	disease	

suppression,	147;	income	from,	142,	150;	and	organic	

matter,	30;	and	pest	control,	81;	recipe	for,	142;	as	

residue,	92;	and	water	supply,	148.	See also fertilizer; soil 

amendments

compost	barns,	130

compost exchanges, 207

conservation	management,	81–84,	82,	155–160.	See also soil 

management

conservation	planter,	163;	and	tillage,	178,	179

conservation	tillage,	176.	See also tillage

contamination,	xii,	66,	94,	153,	194,	201,	202,	266,	274	

contour	planting,	159,	269

controlled	drainage,	201–202

controlled	traffic,	169–170,	272

conventional	tillage,	176–179

copper	deficiency,	229

Cornell	Soil	Health	Test,	263–264,	265

cover	crops,	101–111;	in	case	study,	113–114,	126–128,	185–

186;	and	compaction,	103,	162,	168–169;	and	conservation	

management,	84;	and	erosion,	156–157;	interseeding	of,	

109–110;	management	of,	107–111;	mixtures	of,	108;	and	

mycorrhizal	fungi,	40;	and	nitrogen,	84;	and	nutrient	losses,	

222; and nutrient management, 205; and organic matter, 

30,	102;	and	parasitic	nematodes,	81,	109;	and	pest	control,	

81,	103;	planting,	108–110;	risks	of,	111;	selection	of,	103;	

as	soil	protection,	54;	termination	of,	110–111;	timing	of,	

108–109;	types	of,	103–107;	value	of,	269;	and	water,	102,	

103;	and	weed	suppression,	103,	175

cowpeas,	103,	104,	127

cranberries, 4

crimson	clover,	84,	102,	104,	111,	127,	186

crop	farms:	and	nutrient	cycling,	70–74;	and	organic	matter,	

96

crop-livestock farms: and compaction, 273; and nutrient 

cycling,	71–72;	and	organic	matter,	269;	and	soil	

management, 273

crop	residues:	and	aggregation,	92;	amounts	of,	89–90;	

application	of,	94–95;	benefits	of,	179;	burning	of,	90;	in	

case	study,	114;	and	C:N	ratio,	93–94;	and	compaction,	162;	

decomposition	of,	10,	92–93,	95;	and	erosion,	156;	as	fuel	

source,	90,	91,	156;	importance	of,	93;	as	mulch,	90–91;	

removal	of,	90;	as	soil	protection,	54,	81;	value	of,	269

crop	rotations,	115–124;	in	case	study,	99–100,	113–114,	

126–128,	139;	and	compaction,	168–169;	and	conservation	

management,	84;	and	crop	yields,	116;	and	erosion,	155,	157;	

examples	of,	120–124,	128;	and	finances,	118–119;	flexibility	

in,	120,	121;	and	grain	crops,	272;	and	labor,	118–119;	and	

mycorrhizal	fungi,	40;	and	nitrogen,	115;	on	organic	farms,	

123;	and	organic	matter,	28,	30;	and	pest	problems,	31,	81;	

and	plant	diseases,	119;	principles	of,	119–120;	and	root	

growth,	115;	and	soil	organic	matter,	116–118;	value	of,	269;	

and	water	quality,	118;	and	water	storage,	195

crop	sensing,	218

crop	yields,	116,	187,	236,	275

cropland, 27

Crotalaria,	105

crown	vetch,	105,	111,	274

crusting. See surface crusting

CSA.	See community-supported agriculture

cutworm,	111

D
dairy	farms:	in	cold	climates,	273;	and	cooperation,	96,	207;	

and	manure,	130,	132,	137;	and	nutrient	cycling,	71,	73

damping-off	disease,	111

dark earths. See black carbon
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Darwin,	Charles,	xiii

decomposition. See organic matter, decomposition of

deep	tillage,	52,	165–166.	See also tillage

deficit	irrigation,	196

denitrification,	19,	136,	194,	198,	213–214

diammonium	phosphate,	209,	210

disease	management,	85

disk	plow,	177,	178	(fig.	16.4)

disking. See plowing and disking

dispersion,	54,	59,	156

ditching,	198–199

diversion	ditches,	158–159

drain	tile,	198

drainage,	193–194,	196–202;	and	compaction,	198;	and	

denitrification,	198;	and	field	operations,	198;	importance	

of,	4;	problems	of,	200–202;	and	runoff,	198;	system	types,	

198–200.	See also water management

drought	stress,	51,	64,	80,	154	(fig.	14.2),	195,	262

dual	wheels,	167

Dust Bowl, 55

E
E.	coli,	136

earthworms,	261;	importance	of,	41–42;	increasing,	27;	

secretions	of,	17

ecological	corridors,	160

ecological	management,	81–84,	155–160.	See also soil 

management

electrical conductivity, 233

energy	use:	and	fertilizer,	211,	215;	and	irrigation,	190,	193

environmental	information	systems,	218

equipment,	xiii,	61,	62–63,	166–167	

erosion,	57–60,	153–160;	and	aggregation,	55;	and	air	quality,	

59;	controlling,	155–160;	and	crop	yields,	16–17,	26;	and	

Dust	Bowl,	55;	and	organic	matter,	5–6,	26;	and	soil	health,	

260;	and	soil	moisture,	53–54;	and	soil	texture,	57;	and	

tillage,	26–27,	59–60;	and	water	quality,	58;	and	wind,	

58–59.	See also runoff

ethanol,	xii,	91	

ethylene,	80

eutrophication. See algae

evapotranspiration,	196

Evelyn,	John, xiii

exchangeable hydrogen, 253

extra-floral	nectar,	78

F
farm machinery. See equipment

farm specialization, 70, 72

farmer case studies. See case studies

Faulkner, Edward, x

feeds: and nutrient cycling, 72, 73

fertigation,	192

fertilizer:	application	of,	28;	applying,	210–212,	220;	cost	

of,	211;	grade	of,	212;	incorporation	of,	212;	and	nutrient	

cycling,	70–74;	and	nutrient	management,	205;	use	of,	

207–212.	See also compost

field	capacity,	65

field	operations:	and	drainage,	198;	timing	of,	166,	167,	184

field	peas,	104

field	variability,	251

field	worm.	See earthworms

filter	strips,	159

flooding,	xii,	3,	57,	200,	201

Food Security Act, 200

forage	crops:	and	erosion,	157;	and	nutrient	cycling,	71;	in	

rotations,	117–118,	220,	222,	272

forage legume, 205, 206, 220, 223

forage	radish:	and	compaction,	103;	as	cover	crop,	107,	108	

(fig.	10.4),	186

forest	soil,	29

fossil fuels, xi, xii

free	hydrogen,	17

frost	tillage,	183

fruit	farms,	274–275

fuel oil spills, 5

full-field	tillage.	See conventional tillage

fungi:	amounts	of,	39;	ratio	of,	to	bacteria,	39,	265–266;	role	

of, 40. See also microorganisms; mycorrhizal fungi; soil 

organisms

Fusarium:	and	nematodes,	41

g
garden worm. See earthworms

geographic	information	systems,	251

global	positioning	systems,	170,	251

global	warming,	18,	19,	214

grain	crop	farms,	272–273

grapevines, 274

grass tetany, 227
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grassed	waterways,	159

grasses:	and	compaction,	168;	as	cover	crops,	106–107;	and	

manure,	134;	and	nitrogen,	108,	262;	and	organic	matter,	

27,	116,	117

green manures. See cover crops

greenhouse	gas,	19,	198

grid	sampling,	251

Groff,	Steve,	185–186

growing season: length of, 24

gypsum,	194;	and	aggregation,	163,	228,	239;	application	of,	

211;	and	sodic	soils,	233

H
habitat conservation. See conservation management

hairy	vetch:	as	cover	crop,	84,	102,	104,	108,	122,	222;	and	

nematodes,	109;	and	nitrogen,	220;	and	organic	matter,	26;	

and	winter,	103

herbicides,	175,	178,	182,	233

high-P soils, 224

high-quality soil. See soil health

Hitt,	Alex	and	Betsy,	126–128

horizontal	drains,	160

Horse-Hoeing Husbandry, A, x

humic	acid,	17	(fig.	2.7)

humus:	and	CEC,	14,	231;	production	of,	88,	89,	93,	141;	value	

of,	10,	12,	17,	91,	204	(fig.	18.1).	See also organic matter

hydrologic cycle, 20

hyphae, 24, 40. See also roots

I
Illinois Soil Nitrogen Test (ISNT), 242

induced	systemic	resistance,	79–80

infiltration	capacity,	53,	57,	162,	198

insects in soil, 42. See also pest management

integrated	pest	management,	81;	in	case	study,	99–100

intercropping:	in	case	study,	100;	of	cover	crops,	110,	111	(fig.	

10.8);	as	erosion	control,	58

iron	deficiency,	229

irrigation:	in	case	study,	99;	and	chemical	contamination,	

66;	and	crop	yields,	187;	and	environment,	193–194;	and	

international	relations,	194;	methods	of,	191–192;	and	

salinization,	193–194;	and	surface	compaction,	194–195;	

and	sustainability,	194.	See also water management

J
jasmonate,	80

Jenny,	Hans,	23,	91

K
K-mag.	See	potassium–magnesium	sulfate

Kenagy,	Peter,	113–114

l
land availability, xi

landslides,	57,	59,	160

late	spring	nitrate	test	(LSNT),	218,	241

leaching:	of	bases,	230;	and	manure,	134,	135,	202;	of	nitrate,	

133,	202,	209,	222;	of	nutrients,	4,	11,	14,	69,	72,	74,	101,	

205;	of	pesticides,	18,	51,	194;	of	phosphorus,	214–215;	of	

salts,	193,	233

least-limiting water range, 64

legumes:	and	bacteria,	39;	and	biochar,	11;	as	cover	crops,	40,	

92,	103–106;	and	manure,	134;	and	nitrogen,	72,	108,	115,	

220;	and	nitrogen	fixation,	39,	40,	103,	215;	and	organic	

matter,	27,	116

lichens,	41

lignin:	decomposition	of,	25,	26,	40,	93,	143;	in	residues,	92,	

93,	101;	role	of,	40;	and	soil	health,	271

lime/limestone:	application	of,	208,	211,	212,	251,	275;	benefits	

of,	6,	94,	228,	229;	as	carbon,	12;	and	CEC,	253;	and	soil	pH,	

227,	231–233,	238,	253;	and	soil	testing,	244,	247,	251

litter:	incorporation	of,	29

livestock farms. See animal farms

living mulch. See intercropping

local partnerships, 207

lower	stalk	nitrate	test,	218

M
macronutrients,	13

magnesium:	deficiency	of,	227–228

manganese	deficiency,	229

manure,	129–137;	analysis,	132;	application	of,	133–136;	in	

case	study,	139;	characteristics	of,	131–132;	decomposition	

of,	92,	95;	handling,	130–131;	injection	of,	135	(fig.	12.2),	

136,	158,	183;	and	nitrogen,	95;	as	nutrient	source,	209–210;	

nutrients	in,	70–73;	and	organic	matter,	30,	132;	problems	

of,	136–137;	testing,	205;	value	of,	129

indeX

2014 Current Issue Study Packet pg 308



Building SoilS for Better CropS: SuStainaBle Soil ManageMent

291

manure worm. See earthworms

manures:	application	of,	28–29

mass-balance	approach,	217

microarray analysis, 266

microbial	soil	tests,	265–266

micronutrients,	13

microorganisms:	competing	with	plants,	93–94;	in	compost,	

141;	and	plant	growth,	17;	role	of,	39.	See also algae; 

bacteria; fungi; protozoa; soil organisms

mineral solids, 3

mineral supplements, 72

mineralization,	13–14,	205

models,	218

modern food system, 72

moldboard	plow:	and	animal	farms,	177;	and	compaction,	

63,	162	(table	15.1);	and	erosion,	60;	invention	of,	175;	and	

organic	farming,	177;	and	tillage,	176	(table	16.1),	177;	use	of,	

27,	117

mole	drains,	199

mow-and-blow	system,	96

MRTN,	217–218

mucigel, 43

mucuna:	as	cover	crop,	105

mulch:	benefits	of,	91;	in	case	study,	99–100;	disadvantages	of,	

91;	and	soil	health,	269;	as	soil	protection,	54,	58;	and	water	

management,	195

muriate	of	potash,	210

Muth,	Bob,	99–100

mycorrhizal	fungi,	16;	and	aggregation,	54;	benefits	of,	40;	and	

cover	crops,	102;	and	pest	control,	81;	and	roots,	40–41.	See 

also	fungi;	nitrogen	fixation

N
nematodes:	behavior	of,	38,	41;	as	predators,	30;	and	rotation,	

115,	119;	in	soil,	44,	45,	164;	suppression	of,	102,	103,	107,	

109,	274

night crawlers. See earthworms

nitrate:	and	CEC,	14;	in	excess,	95,	96,	108;	hazards	of,	213;	

levels	of,	133;	measuring,	218;	as	nitrogen,	13,	19;	and	

nitrous	oxide,	213;	reduction	of,	93.	See also nitrogen

nitrate soil test, 242

nitrogen:	conversion	of,	14,	39;	and	crop	rotations,	115;	in	

excess,	215;	immobilization	of,	93,	111;	inorganic	and	

organic,	19;	and	legumes,	220;	loss	of,	19;	management	of,	

213–225;	maximum	return	to,	217–218;	and	no-till,	180;	

and	pest	control,	81;	ratio	of,	to	carbon	(See	C:N	ratio);	and	

reduced	tillage,	183.	See also nitrate; nutrients

nitrogen	cycle:	importance	of,	19–20

nitrogen	fixation,	19–20,	39,	108

nitrous	oxide,	19–20,	198,	213

no-till	planters,	27,	185

no-till	system,	179–181;	in	case	study,	127,	185–186;	changing	

to,	180;	and	crop	yields,	179–180,	183;	and	residues,	179;	

row	crops	in,	180

northern	root-knot,	109,	164

nutrient	cycle,	14	(fig.	2.4),	69–74;	improvement	of,	205–207

nutrient	loss:	and	cover	crops,	222;	and	irrigation,	194;	and	

tillage, 222, 223

nutrient	management,	203–212,	251;	and	livestock	farms,	273

nutrient	sources,	206;	environmental	impact	of,	209;	organic	

vs.	commercial,	209–210

nutrients,	227–229;	availability	of,	15;	balancing,	223;	buildup	

of,	73;	crediting,	218–220,	250;	crop	needs	for,	216–217;	

from	decomposing	organic	matter,	13–14;	deficiencies	of,	

227–229,	262–263;	loss	of,	213–215;	and	malnutrition,	

7–8;	in	manure,	131–135;	and	pest	control,	81;	supply	of,	

4;	and	wetlands,	200–201.	See also nitrogen; phosphorus; 

potassium

O
Olsen test, 237, 242

optimum	water	range,	64,	65	(fig.	6.12),	195

orchard-floor	cover.	See intercropping

organic	farms,	73,	183

organic	matter:	addition	of,	88;	and	aggregation,	30;	amount	

of	per	soil,	31;	calculations,	34–35;	and	compaction,	169;	

and	crop	rotations,	116–118;	dead	part	of,	10,	27,	31;	

decomposition	of,	24,	25,	88;	depth	of,	29;	dollar	value	

of,	21;	and	erosion,	157–158;	free	particles	of,	32;	in	home	

gardens,	96;	improvement	of,	270–271;	levels	of,	32–35,	

116–117;	living	part	of,	9–10;	management	strategies	for,	

88–97;	and	nutrient	availability,	204–205;	as	part	of	

topsoil,	12;	role	of,	12;	soil	content	of,	30;	storage	of,	24;	

three	parts	of,	9–10,	30;	very	dead	part	of,	10;	and	water	

availability,	195.	See also humus

over-irrigation,	193	(fig.	17.9),	194

overliming, 233
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P
Parks,	Darrell,	139

penetrometer,	258,	260

percent	base	saturation,	252–253

perennial forages, 54, 222

perimeter	crops,	83

permanent	beds,	169,	170,	274

pest	management,	6,	77–84,	89,	270;	in	case	study,	186;	and	

mulch,	91

pesticide	leaching,	18,	194

pesticides,	xii,	42,	82,	121,	201

petiole nitrate, 240

pH	management,	231–233.	See also soil, acidity

phaecelia,	113

phosphorus:	application	of,	72;	conversion	of,	15;	deficiency	

of,	262;	in	excess,	95,	96;	and	hyphae,	40;	management	

of,	213–225;	Olsen	test	for,	237,	242;	organic	sources	of,	

223;	and	pollution,	214;	and	reduced	tillage,	183.	See also 

nutrients

photosynthesis,	10

plant	defenses,	77–81

plant	growth–promoting	rhizobacteria,	79–80

plant	hormones,	79–80

plant	tissue	tests,	239–240

plant	zones,	84

planting	densities,	83

plastic	limit,	61–62

plow	layer	compaction,	60–62,	163–170

plow pan. See subsoil compaction

plowing	and	disking,	26–27,	42,	63,	156

Plowman’s Folly, x

polyculture. See intercropping

POM, 32

ponding,	174,	199	(fig.	17.15),	201,	260

potassium: application of, 72; availability of, 227; excess of, 

227; organic sources of, 223. See also nutrients

potassium	chloride,	210

potassium–magnesium	sulfate,	210,	227,	228

PPNT,	218,	242

prairie,	27,	29,	89,	121

pre-plant	nitrate	test	(PPNT),	218,	242

pre-sidedress	nitrate	test	(PSNT),	218,	221,	241–242,	243

precipitation, 24, 53, 55

predatory	mites,	100

protozoa:	role	of,	41.	See also microorganisms; soil organisms

Pseudomonas fluorescens, 44

PSNT,	218,	221,	241–242,	243

pumping	stations,	197

PVC	tubing,	197,	198

Pythium,	41

R
rainfall, 24, 53, 55

raised	beds,	55,	170,	200

recycled	wastewater,	190–191

red	clover,	105

red worm. See earthworms

reflectance	spectroscopy,	218,	221

restricted	tillage	systems,	179–182

rhizobia,	39.	See also	legumes;	nitrogen	fixation

rhizobial	bacteria,	103

rice	paddies,	4,	39,	55,	174

ridge	tillage,	181–182

ridges: and drainage, 200

root-knot	nematode,	109,	164

root	systems:	assessing,	261–262;	and	organic	matter,	25,	26

roots:	and	aggregates,	43;	close-up	view	of,	43	(fig.	4.3);	

function	of,	43;	growth	of,	63–64;	look	of,	164;	and	

microorganisms,	43;	needs	of,	4;	as	residues,	89.	See also 

hyphae

rotary	tillers,	178

rotation	effect,	116

runoff,	53,	153–160;	and	drainage,	198;	and	erosion,	57;	and	

soil health, 260; and soil management, 53. See also erosion

S
salicylic	acid,	79

saline	soils,	65–66;	and	electrical	conductivity,	66;	remediation	

of, 233

saline-tolerant plants, 233

salinization,	193–194

salts, 67

sandy	soil,	54;	amount	of	organic	matter	in,	31;	and	crop	

rotation,	99;	and	PSNT,	241

secondary	tillage,	178

secretions	of,	17

sediment	control	basins,	159

seed	decay,	111
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seed	drill,	179

seed	inoculation,	103–104

self-mulching,	168

sewage	sludge,	5,	67,	94

shelterbelts,	160

sidedressing,	211,	220

silage,	27–28,	29

silt, 30

simulation	models,	218

site-specific	management,	251

slash-and-burn	system,	6,	155

sod, 54, 222

sod	crops,	28,	84

sodic	soils,	65–66,	228;	and	cation	exchange	capacity,	66;	

remediation of, 233

sodium, 5

sodium	tetraborate,	228

soil:	acidity,	17,	230–231;	air	in,	4;	building,	32–35,	49,	

99–100;	channels	in,	42;	color	of,	17,	19,	260;	drainage,	

25,	167–168;	ecology,	117;	fertility,	116;	functions	of,	3;	

hardness,	258,	260;	makeup	of,	49;	particles,	50;	parts	of,	3;	

pH,	205;	saturation,	262;	shaping,	170,	199–200;	as	sponge,	

51;	texture	of,	61–62;	treatment	of,	5;	water	retention	of,	53

soil amendments: application of, 270; and induced resistance, 

80;	and	productivity,	27.	See also compost; fertilizer

soil	animals,	42–43.	See also soil organisms

soil carbon. See carbon

soil conservation movement, 55

soil	degradatiion,	5–6;	and	erosion,	58;	and	flooding,	57;	and	

tillage,	175,	178

soil	health:	and	climate,	55;	and	drought	stress,	195;	

evaluating,	7,	257–266;	improvement	of,	87–97,	188,	267–

275;	and	irrigation,	195;	maintaining,	73;	meaning	of,	4–5;	

and	pest	management,	81–84;	and	runoff,	57;	scorecards,	

258–263

soil	loss	tolerance,	154

soil	management,	267–275;	and	aggregates,	53–55,	264;	and	

climate,	55;	and	grain	crops,	272–273;	guidelines,	270–271;	

holistic approach to, 77, 270; and runoff, 53; and soil life, 44. 

See also conservation management

soil minerals: and nutrients, 72

soil	organisms:	and	aggregation,	54;	assessing,	261;	classifying,	

37;	and	plants,	38;	relationships	of,	38;	role	of,	15,	37–38,	

44;	and	weed	control,	81.	See also algae; bacteria; fungi; 

microorganisms; protozoa; soil animals

soil	pores:	and	aeration,	50–52,	65;	and	aggregation,	50;	and	

compaction,	30;	importance	of,	17;	and	infiltration,	53

soil quality. See soil health

soil	samples,	235,	236,	241,	242,	251,	263

soil	solution,	3–4

soil structure. See aggregation

soil	tests,	231,	235–253,	263–266;	and	fertilizer,	250–251;	

interpreting,	243–250;	for	nitrogen,	241–242;	and	nutrient	

cycling, 73; for organic matter, 243; for phosphorus, 

242–243;	value	of,	270

soil	texture:	and	consistency,	62;	and	organic	matter,	24–25;	

and pores, 53. See also clay soil; sandy soil; silt; textural 

class

sorghum–sudan	grass	(sudex),	107,	109,	111

soybeans,	91,	104,	121,	229

spader,	179

strip	cropping,	157,	269

strip	tillage,	181–182

strip	tiller,	164–165

subsoil	compaction,	62–63,	163–170,	260

subsoiling,	52,	165–166

subsurface drainage, 55

sudan	grass,	107,	109,	113,	274

sudex,	107,	109,	111

sufficiency-level	system,	237,	239,	252

sul-po-mag. See	potassium–magnesium	sulfate

sulfur	deficiency,	228

superphosphate,	209,	212

supersaturated	soils,	59

surface	crusting,	17,	60–62,	63	(fig.	6.9),	161–163,	260

Swampbuster Provision, 200

swamps,	200–201

sweet	clover,	105,	220

switchgrass,	91

systemic	acquired	resistance,	79–80

T
T	value,	154

Tabb,	Cam,	150–151

tall-grass	prairies,	27,	29

technologies:	agricultural,	251

temperature:	in	climate,	24,	105,	262;	in	compost,	39,	141,	148,	

151;	of	soil,	54,	91,	100

Tephrosia, 105

terra preta de indio,	10–11
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terracing,	58,	159,	269

textural	class,	49–50.	See also soil texture

tile drainage, 55

tile	finder,	260

tillage,	173–184;	addiction	to,	175;	and	aggregation,	54;	in	

case	study,	114;	and	compaction,	162–163,	164–166,	183;	

conventional,	176–179;	current	interest	in,	27;	and	eco	

management,	84;	and	erosion,	26–27,	59–60,	156,	157,	158;	

and	grain	crops,	272;	intensive,	39;	and	nutrient	loss,	222,	

223;	and	organic	matter,	30,	269;	and	water	storage,	195;	

and	weed	control,	81

tillage	tools,	177,	178

tilth:	and	aggregation,	54;	assessing,	260;	definition	of,	4;	

meaning	of,	15–16

tire	inflation,	167

topdressing,	211,	220

topsoil,	13,	26,	117,	154.	See also erosion; runoff

toxic materials. See contamination

tracked	vehicles,	167

trap	crops,	83,	99

triazine herbicides, 233

Trichoderma, 44

Tull,	Jethro,	x,	174	

U
urea,	132,	134,	212,	221,	222,	244

V
variable-rate	applicators,	251

vegetable	farms,	273–274

vegetation,	3,	25,	42,	101,	113,	118

vehicle	use,	62,	64	(fig.	6.10),	167.	See also	controlled	traffic

velvet	bean,	105

vermicomposting,	130,	146–147

Vermont Agricultural Experiment Station Bulletin No. 135, x

W
water:	and	aeration,	50–52;	availability,	52–53;	infiltration	of,	

53;	and	mulch,	92;	pollution	of,	73,	203,	209,	214;	and	roots,	

52; runoff of, 53

water cycles, 20

water	management,	187–202;	and	the	environment,	188,	193;	

tools	for,	196.	See also drainage; irrigation

water	quality:	and	crop	rotations,	118

water	scarcity,	190

indeX

water	tables:	lowering,	194,	197,	198	(fig.	17.14);	raising,	66,	

191,	193

weather. See climate

weed	control,	81,	106,	120,	178,	182

weirs, 202

wetland	protection,	197,	200

wetlands,	200–201

wheat-fallow	system,	120,	122

white	clover,	106

wilting point, 65

wind	erosion,	58–59,	160

windbreaks,	160

winter	rye,	81,	102,	106,	109,	110,	122,	222

wireworm,	111

wood ash, 232

worm	casts,	41,	146

worn-out soils. See soil degradation

Y
yield monitor, 240

Z
zinc	deficiency,	228

zinc	sulfate,	228

zone	builder,	181

zone	building,	165,	166	(fig.	15.5)

zone	tillage,	181
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BEFORE STEVE GROFF TOSSED OUT HIS CONVENTIONAL PEST

controls in favor of a more comprehensive, eco-

logically based strategy, his 175-acre Pennsylvania veg-

etable farm attracted a parade of pests.

Now he plants a winter cover crop of hairy vetch

and rye and lets it grow 5 feet tall. Each spring, he

knocks it down with a rolling chopper, then transplants

his tomatoes into a thick mulch. Growing annual cover

crops became a cheaper and more effective way to

control the pests that plague vegetable growers.

“I have yet to use any insecticide for Colorado

potato beetle. They don’t like the cover crop mulch,”

he says. In addition to adding nitrogen and organic

matter to the soil, the cover crop mulch also seems to

stall early blight by keeping disease organisms from

splashing up onto the plants.

“It’s working for us,” says Groff — and it’s just one of

the fistful of tools he uses to stymie pests.

Neither Groff’s farm nor any other will ever be

entirely pest proof. But by completely rethinking his

Growing rye between vineyard rows suppresses weeds — both by smothering and by producing allelopathic substances

that inhibit weed germination — and attracts beneficial insects such as lady beetles to this vineyard in Monterey County,

Calif. Photo by Chuck Ingels.

‘Naturalize’ Your Farming System

A Whole-Farm Approach
to Managing Pests

This bulletin from the Sustain-

able Agriculture Network

(SAN) outlines how to use eco-

logical principles to control

pests on your farm. Read 

on to learn about successful

strategies and consult the

more comprehensive

resources listed on page 20.

CONTENTS

Ecologically Based Systems
at Work, 3

Ecological Principles for
Managing Pests, 5

Applying Ecological 
Principles to Manage Pests, 6

Strategies and Practices for
Reducing Pest Pressures, 10

Resources, 20

SAN is the national outreach

arm of the Sustainable Agricul-

ture Research and Education

(SARE) program, administered

by USDA-CSREES.

Also available at:

www.sare.org/farmpest/

4/03

sustainable 
agriculture 
n ·e ·t ·w ·o ·r ·k
the national outreach arm of sare
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farming practices from top to bottom, he has made his

system much more resilient and resistant to pests.

Like Groff, producers across the country are chang-

ing their pest management practices to move toward

whole-farm strategies based on ecological principles to

control troublesome insects, weeds and diseases. Rec-

ognizing the importance of many tactics rather than just

one deceptively easy fix, researchers, too, have begun

testing new, comprehensive ways to control weeds, dis-

eases and insect pests.

Their intent mirrors what early advocates of integrated

pest management (IPM) believed — that a single

approach is a poor substitute for a system-wide strategy

to control pests. The ecological focus they emphasize

goes beyond current IPM practices, mimicking nature as

much as possible in an industry that disturbs the land-

scape in the process of growing food and fiber. This

evolving breed of researcher seeks to control pests in

ways other than with expensive,“easy-fix” chemicals that

have unknown impacts on natural resources and human

health. Instead, they are creating whole systems that rely

on diversity and soil health to keep pests at bay.

A whole farm ecological approach calls for rethink-

ing management practices to design an improved sys-

tem that integrates ecological pest management into

other aspects of crop and soil management. Controlling

pests should be linked to soil organic matter manage-

ment, soil nutrient management, tillage and efforts to

lessen compaction, as well as creating field boundaries,

borders and buffers designed to protect waterways.

2

When it comes to meeting

the challenges of operating

a large farm without chemi-

cal pesticides, Nebraska

farmer Jim Bender wrote the

book—literally. He has

worked 650 acres of mixed

grains and legumes, and

about 100 head of cattle, 

in the eastern part of the

state since 1975. After elim-

inating his use of chemicals

almost 15 years ago, he

published a 160-page book

on the subject.

Future Harvest: Pesticide-

free Farming is part caution-

ary tale, detailing Bender’s

early, nearly disastrous 

attempt to shift from chemi-

cal dependence. The bulk of

the book, however, focuses

on how to do the job right.

Today, Bender is a thor-

ough practitioner of inten-

sive crop rotation, cover

cropping, soil building, and

topsoil retention. He aims to

return his soil and water-

ways to prime condition and

make natural weed and pest

control an easier prospect

with each year. 

“The objectives are to 

alternate sod-based crops

with row crops, weed-

suppressing crops with

those without that charac-

teristic, crops susceptible to

specific insects with those

that are not, and soil en-

hancing crops with those

that do not enhance soils,”

says Bender, who grows

milo, wheat, soybeans,

turnips, alfalfa and clover

hay, and corn and sorghum

for feed.

A typical rotation begins

with a soil-building crop

such as a clover or alfalfa.

He follows with either corn

or sorghum, and then with

soybeans. (He also might

precede the corn with soy-

beans depending on soil test

results). The beans are fol-

lowed by wheat or oats,

then he plants a cover of

turnips, clover hay, or more

alfalfa.

He also allows his cattle

to forage after harvest,

knowing they will help in at

least two respects: The 

manure they leave behind

adds to soil fertility, and

their consumption of seeded

stalks missed during harvest

means fewer opportunities

for this year’s crop to germi-

nate as next year’s weeds.

The various aspects of

Bender’s organic regimen

appear to work together

seamlessly. One crop that

helps the soil gives way to

another that will help 

suppress weeds in the fol-

lowing crop. The rotations

help disrupt the life cycles

of pests and weeds, making

it difficult for them to estab-

lish. Cattle cycle through his

fields, further displacing po-

tential weed infestations. 

Finally, his cover crops,

along with his discontinued

use of pesticides, help at-

tract beneficial insects that

further reduce the risk of

pest outbreaks.

The farm does not run 

on autopilot, however. 

Bender’s cattle follow a 

rotational grazing pattern

that calls for intensive man-

agement as well as good

strong fences, and lots 

of them. Fences require

maintenance, but the work

pays off. 

“Livestock is the linchpin

that makes everything else

fall into place on my farm,”

he says. “I can’t imagine 

a large organic operation

without animals.” 

In addition to their forag-

ing though harvested fields,

his cattle reduce the need to

mow his grassed waterways.

They also serve as an eco-

nomic buffer. In lean times,

Bender can sell more beef

than normal. If a cash crop

is ruined by infestation, he

can always replant with a

forage crop that not only

gets used for feed, but also

acts to repel the pest. 

Labor remains a big part

of the operation. Even with

the suppressive qualities

frequent rotations bring,

Bender is on a tractor often,

dragging a spring tine har-

row, a rotary hoe, or run-

ning a shovel cultivator to

keep weeds in check.

It’s an intricate and

maybe even intimidating

system in the sheer number

of factors and options 

Bender considers. But he

doesn’t apologize for the

level of detail. Instead, 

Bender hopes his book will

convince others that it’s

possible to operate a large

Midwestern grain and 

cattle farm without using

chemical inputs.

“You have to really want

to do it; that’s what ulti-

mately makes it successful.”

Bender says. “And I hope

more and more farmers will

reach that point, because

the way they’re farming

now just isn’t working.” 

Jim Bender, Weeping Water, Nebraska

Opposite: New Hamp-

shire vegetable grower

Eero Ruuttila uses a mix

of hairy vetch and rye

cover crop mulch to

crowd out weeds in his

valuable tomato plots.

Top: Living rye and

vetch; bottom: killed

and shredded as mulch.

Photos by Eero Ruuttila.
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Producers from as far away as Georgia and Oregon say

they want to emulate Groff’s system. Groff, whose combi-

nation of no-till, cover crops and rotations has elimi-

nated many pest problems, manages the farm as a

whole rather than as individual fields.

“Mother Nature has given us incredibly powerful

tools,” says Fred Magdoff, a soils professor in the Depart-

ment of Plant and Soil Science at the University of Ver-

mont, who likes to repeat entomologist Joe Lewis’ strong

and simple message: “Let’s learn how to use them.”

Across the country, researchers are finding that

whole-farm, ecological systems work.

i In Pennsylvania, 80 percent of apple growers now

rely on the black ladybird beetle to control European

red mites. Using chemicals very judiciously and

applying only those that the beetle can tolerate, pro-

ducers have saved millions of pounds of pesticide.

i Cotton, when attacked by beet armyworm larvae,

releases volatile chemical cues that attract the para-

sitoid Cotesia marginiventris, a natural enemy of the

armyworm. Leaving habitat for the parasitoid aids

the natural system.

i Along ditch banks in Michigan, three times more

ground beetles are harbored by native switchgrass

filter strips than by soybean fields. These beneficial

insects can remove up to 4,000 cutworms an acre

and as many as 40 weed seeds per square foot per

day. A single female field cricket sheltered by a

grassy strip can eat more than 240 pigweed seeds in

24 hours.

i In Oregon, an integrated cover crop and strip tillage

system is reducing tractor trips in vegetable crops

from eight to one and confining herbicide applica-

tion to 12-inch bands. Among the results: 60 percent

less herbicide use, 95 percent weed control in the

untreated areas between rows and higher yields.

For the past 50 years, most farmers have relied on pesti-

cides as their main tool to protect their crops from

pests. Wielding pesticides like a big hammer, they

pounded back menacing insects, nematodes, weeds

and diseases. Then they watched the pests return —

braced by pesticide resistance and paired with serious

outbreaks of what were once minor pests.

“It’s picked up so much speed that we can’t sustain it

anymore,” says Lewis, an entomologist with USDA’s Agri-

cultural Research Service. “Relying on high inputs has

become unprofitable. When you just can’t make a living

or a profit anymore, you have to take a serious look at

redesigning the farming system so you can work with its

built-in, renewable strengths.”

Ecologically Based Systems at Work 
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The key weakness of “big hammer” management is a

philosophy that ignores basic ecological principles.

Reacting to complex pest problems with one tool even-

tually fails because it does not consider problems as

symptoms of a system whose intricate natural controls

have collapsed.

“No matter whether that single tactic is chemical, bio-

logical or physical, if it kills 99 percent of a pest popula-

tion, the few surviving pests will find a way to avoid it or

resist it,” says Doug Landis of Michigan State University’s

Department of Entomology and Center for Integrated

Plant Systems. “That’s what natural selection is all about.”

Organisms find ways to adapt to new environments

or toxic materials. Over the years, a succession of chem-

ical “big hammers” has reaped unintended environmen-

tal impacts, unnecessary human safety risks, unwanted

expense, unwelcome problems with secondary pests

and unnerving surges in pest problems.

From 1965 to 1990, as conventional pest control

intensified, estimated crop losses from insects, diseases

and weeds increased from about 35 percent to 42 per-

cent worldwide. That suggests conventional approaches

are not effective in many situations.

In Eastern states, corn and soybean growers have

watched at least 10 species of annual weeds become

resistant to triazine herbicides. Now, in no-till systems,

producers use four to five different herbicides to control

the weeds once stopped by atrazine. Similarly, the costly

Colorado potato beetle has become resistant to many

pesticides.

In the South, growers battling boll weevils soon

needed about 20 insecticide applications a year to con-

trol both the weevils and all of the secondary pests —

including bollworms, aphids and spider mites — that

arose after the pesticides killed beneficial insects.

“As managers of cotton production, we hadn’t made

all of those connections until we took the primary 

pest — the boll weevil — out of the picture,” says Lewis.

“The boll weevil was like a little, yapping terrier: It only

took a couple of dollars an acre to treat it. The problem

was that when we treated the boll weevil, the little dog

woke up the big one.”

In the Midwest, growers have watched corn root-

worm develop resistance to [organochlorine] soil insec-

ticides. Even the more environmentally friendly single-

tactic of rotating corn with other crops has produced

corn rootworm populations that can over-winter for two

or more years or lay eggs to avoid control by rotation.

Resistance to sulfonylurea herbicides in Russian this-

tle and to diclofop in Italian ryegrass has left wheat

growers in the West struggling to find alternatives — only

five or 10 years after the herbicides were first used.

4

A Growing Problem
Corn grown in hairy

vetch mulch allowed 

83 percent fewer annual

grass weeds than corn

grown in unmulched

soil, according to 

research conducted 

at USDA’s Agricultural

Research Service in

Beltsville, Md. Photo 

by John Teasdale. 

Opposite: A beneficial

stinkbug preys on a 

Colorado potato beetle

larva, helping this

potato plant retain

leaves. Photo by Eleanor

Groden.
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Plants Have Natural Defense Systems
Most of think that plants are defenseless. In fact, they use

a variety of natural defense mechanisms to counter

attack by pests. Not only can healthy plants out-compete

a pest by growing rapidly, but they also produce chemi-

cals to slow insect feeding or inhibit bacterial or fungal

infection. Some plants emit chemical "help" signals that

call natural enemies – such as beneficial insects – to their

aid. It’s important to realize that farmers can manage

crops to maximize their defenses.

What Makes a Plant Susceptible to Pests?
While you cannot change a pest’s basic character, you

can adjust management practices to decrease a crop’s

vulnerability. Understanding what makes a crop suscepti-

ble to pest attack is critical to devising management

strategies that reduce crop losses, pesticide use and asso-

ciated costs.

Monoculture plantings are more susceptible to pest

pressure than mixed stands. Specialized disease-causing

organisms and plant-feeding insects are less likely to

bother crops that grow amid other types of plants. Not

only does a pest find it more difficult to locate its pre-

ferred host in a mixture, but the pest’s natural enemies

are often more abundant or effective. Conversely, large

fields of single crops create an ideal environment for pest

attack. When crops are genetically uniform, as most mod-

ern varieties are, the opportunity for pest damage is

greater still.

Plants under stress from drought, a lack of nutrients,

soil compaction, or other factors are more vulnerable to

pests such as aphids. Practices that promote the growth

of healthy plants — ones that are able to better compete

with pests or protect against them — are key to minimiz-

ing pest problems on the farm.

Understanding a Pest’s Strengths and
Weaknesses
More than 100,000 species of insects, plants, vertebrates,

nematodes and microorganisms inhabit any given farm.

Only several dozen are potential problems. Fewer than a

dozen pests will feed on or crowd out crops in a given

year.

Pests generally succeed by adapting to the specific

food, water, shelter and light conditions in a particular

farming system. They explode into major problems only

when the factors that naturally keep them under control

are limited or missing. By recognizing the needs and

abilities of a pest, and by designing a system that works

against its preferences, you can reduce pest numbers and

pest-inflicted damage. “The laws of nature demand that

we look at the whole system,” says John Teasdale, a weed

scientist with USDA’s Agricultural Research Service in

Beltsville, Md. “To control any individual organism, we

need to understand how it relates to the ecosystem in

which it operates.”

Many pests have impressive abilities to reproduce

often and disperse widely. Although these “hit- and- run”

pests face competition from other organisms or attacks

by enemies, they thrive by rapidly colonizing new habitats

before their competitors or antagonists arrive. Summer

annual weeds such as redroot pigweed, insect pests such

as aphids and many diseases share such characteristics.

Annual monoculture cropping systems — subjected to

the repeated disruptions caused by tillage, planting, herbi-

cide applications, cultivation and harvest — open many

inviting habitats for “hit- and- run” pests.

Other pests are  “stand-and-fight” types. Better adapted to

the difficulties of competition and to withstanding attacks

by their enemies, they thrive in long-term perennial sys-

tems. These pests, such as perennial weeds, often live for

a long time. Pests like the soybean cyst nematode go

through dormant stages and wait for the right opportunity

to establish. While they may produce fewer offspring than

“hit-and-run” types,“stand-and-fight” pests invest more

energy into the care of those offspring. Expect a “stand-

and-fight” weed such as quackgrass to have large seeds,

tubers or rhizomes. They compete vigorously, squelching

their opponents’ growth in one-on-one competition.

5

Ecological Principles for Managing Pests

Plants react with

pest defenses,

such as: 

• producing

chemicals in

tissue to slow

pest feeding

• emitting chemi-

cal signals to

attract beneficial

insects 

• increasing

extrafloral nectar

to feed beneficial

insects
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Wield Many Little Hammers 
Incorporating pest controls at many different stages 

and limiting pests’ abilities in many small ways are the

foundation of ecological pest management. Production

systems that use ecological principles to imitate 

nature, along with multiple tactics and the right infor-

mation, can:

i strengthen individual impacts of strategies when

used together,

i reduce the risk of crop failure by distributing the bur-

den of crop protection across many tactics,

i minimize environmental disruptions and threats to

human health,

i slow the rate at which pests adapt or evolve resis-

tance to a given management tactic because that tac-

tic is used less frequently, and

i reduce operating costs and improve profitability by

minimizing the need for purchased inputs.

Cotton research headed by Joe Lewis at ARS in Georgia

has shown that, like Steve Groff’s vegetable system, com-

bining minimum tillage with cover crops and cover crop

mulch creates enough biological diversity to stymie

pests. Comparing tilled fields to fields planted using

conservation tillage following a winter cover crop like

vetch, winter grains or clover, researchers found that

beneficial insect populations increased. In fact, overall

seasonal densities of certain types of carabid beetles

and spiders in the “conservation” fields were a full 14

times higher than in the conventional fields.

Input costs were nearly identical, but average yields

in the conservation fields were about 100 pounds higher

than conventional yields. Moreover, net returns were

$60 per acre higher in the conservation plots.

6

Applying Ecological Principles to Manage Pests 

Drought has brought chal-

lenging times for west Texas

cotton grower Terry Pepper.

But thanks to membership

in an organic cotton cooper-

ative, he is able to keep a

lighthearted approach.

“The drought is so bad,

any boll weevil who wan-

ders this way better be

packing a lunch,” he quips.

Pepper, who farms 1,400

acres near O’Donnell, Texas,

about 200 miles west of Dal-

las, is coping better than

most. He and his wife,

LaRhea, manage a growers’

cooperative they helped es-

tablish a decade ago. Even if

his yields are down, many of

the other 30 members have

had sufficient rain or irri-

gate. That means they will

have enough cotton in the

fall for clients such as Patag-

onia, the outdoor clothing

manufacturer, and Esprit

clothing.

Pepper also has some as-

surance that once the rains

return to his part of the

highlands, he’ll go back to

bringing in his regular yields

of about 600 pounds per

acre. That’s because 

he has learned how to grow

cotton without synthetic 

inputs, even in semi-arid

territory, and even under

pressure from pests like the

weevil, beet armyworms

and aphids.

“All I need is rain,” 

he says. “Everything else 

I can pretty much keep

ahead of.”

It wasn’t always that way,

not for Pepper and not for

the 50-year history of cot-

ton production in west

Texas. Both Peppers’ grand-

parents used herbicides. Af-

ter a time, though, diligent

farming practices and a flair

for thrift led even conven-

tional area farmers to re-

duce their dependence on

chemicals. Pepper says

weed control in particular

was not overwhelmingly

difficult in the highlands for

the same reason that raising

a good crop can be — lim-

ited rainfall. 

“Our families learned how

and when to cultivate, and

pretty soon they found they

could get by with single ap-

plications of a pre-emergent

herbicide most years.”

It wasn’t that much of a

leap, then, for Pepper him-

self to decide to try doing

without even that initial ap-

plication, and then to forego

synthetic pesticides and fer-

tilizers too, about 10 years

ago.

The system he has de-

vised for controlling weeds

and pests includes mechani-

cal cultivation, cover crops,

frequent rotations and at-

tracting beneficial insects,

as well as purchase and re-

lease of pest predators on

an as-needed basis. 

It’s a lot of work for 

Pepper and his family, in-

cluding such onerous, 

time-consuming tasks as

hand-hoeing. “I get my two

boys out in the field and get

it hand-hoed in a day,” he

says. Getting it done, and

done at the right times dur-

ing the season, keeps weeds

in check.

Pepper also credits his

cover crops and the sandy

loam soil of the highlands

with keeping weed pressure

to a minimum. The soil re-

sponds well to green ma-

nure and has improved

quickly in the years since he

began setting a third of his

acreage aside each season

for a cover crop. 

Corn is his cover of

choice. He plants it in strips

throughout his cotton fields,

where, in the fiercely hot

weather of August, it is usu-

ally stunted and produces

only small, insignificant ears.

Pepper shreds it late in the

season, leaving the residue

on the ground to hold mois-

ture, suppress weeds and

add organic matter.

Corn cover also helps at-

tract beneficial insects such

as ladybugs and lacewings,

Pepper says. They eat the

Terry Pepper, O’Donnell, Texas
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Cotton no-tilled into win-

ter wheat stubble, such

as this crop approaching

harvest on Max Carter’s

farm in Coffee County,

Ga., contained signifi-

cantly more beneficial

beetles and spiders than

tilled fields compared 

in a USDA-Agricultural

Research Service study.

Photo by Joe Lewis.

Improve Management of the Disturbances
Created by Agriculture 
Agricultural disturbances such as tillage, harvest, and

fertilizer and pesticide application all can provoke pest

problems, but you can avoid stimulating pests at the

wrong time. For example, till fields before final seedbed

preparation to stimulate weed germination, then culti-

vate before planting to lower the density of weeds infest-

ing a crop.

Leaving some undisturbed areas on a farm can help

maintain the balance between beneficial and pest

organisms. Many predators and parasites that attack

crop pests thrive in the less-disturbed areas provided by

hedgerows, weedy borders, woodlots and riparian

buffers on the farm; in grassed alleyways in orchards

and grassed waterways in field crops; and even in the

small areas left between crop rows by zone tillage. Small

sites allow natural enemies to persist and migrate into

crop fields to keep pest populations in check.

In a research project in the Southeast, ground bee-

tles, field crickets, ants and field mice were important

weed seed predators within a low-input, no-till cropping

system in which soybeans were grown in a surface

mulch of wheat straw. Over five weeks in the fall, the

aphids that can do a lot of

harm to cotton. He is also

helped by a parasitic North

American wasp called Bra-

con mellitor, which feeds on

beet armyworm and boll

weevil larvae. When he

feels the need, he purchases

small shipments of a Central

American wasp called the

Catolaccus Grandis to com-

bat weevil infestations.

He says these efforts are

usually enough to guaran-

tee a healthy crop and to

continue improving both his

soils and his bottom line.

CottonPlus organic cotton,

after all, is commanding

about 90 cents a pound

compared to about 37 cents

a pound for conventional.

Prices like that are icing 

on the cake for Pepper

when he thinks about all

the other benefits he’s rec-

ognizing from his decision

to grow cotton without syn-

thetic inputs. Now all he

needs is one wholly natural

input to return him to peak

production.

“If we get a little rain,” 

he says, “I can grow the

best organic cotton you’ve

ever seen.”
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weed seed predators removed more than double the

number of seeds from the no-till system compared to an

adjacent conventional tillage system.

Include Perennial Plants in and Near Fields 
Perennial plants — such as fruit trees, grassed water-

ways, trees growing along stream banks, or forage

grasses and legumes harvested for hay — offer many

advantages:

i their roots are more extensive and longer lasting

than those of annual crops,

i much more than annual crops, they support commu-

nities of diverse soil organisms that are more similar

to those in soils of natural ecosystems,

i they enhance water infiltration and reduce soil com-

paction, thus extending rooting depth,

i they serve as important habitat for beneficial insects,

providing both food and shelter, and

i they help preserve soil and water quality by main-

taining living plant cover above ground and active

roots in the soil.

Increase Diversity 
Diversity, both in the crops you grow and how you man-

age them, can reduce pest problems, decrease the risks

of market and weather fluctuations, and eliminate labor

bottlenecks. Enrich diversity:

i across the landscape (within fields, on the farm as a

whole and throughout a local watershed),

i throughout the season (different crops on the same

farm at different stages of growth and managed in

different ways), and

i from year to year (rotations of three or more crops).

Ideally, agricultural landscapes will look like patchwork

quilts: dissimilar types of crops growing at various stages

and under diverse management practices. Within this

confusing patchwork, pests will encounter a broader

range of stresses and will have trouble locating their

hosts in both space and time. Their resistance to control

measures also will be hampered.

As plant diversity intensifies above ground, diversity

builds in the soil. Through a system of checks and bal-

ances, a medley of soil organisms helps maintain low

populations of many pests. Good soil tilth and generous

quantities of organic matter also can stimulate this very

useful diversity in pest-fighting soil organisms.

Researcher Matt Liebman reviewed cropping system

studies to get at how plant diversity deters weeds. His

summary of various studies that grew 27 test crops in

rotation compared to monoculture systems found that:

i weed plant density in rotation was less than in

monoculture in 19 out of 25 cases,

i weed seed density in crop rotation was lower in 9

out of 12 cases, and

i yields of test crops were higher in rotation than

monoculture in 9 out of 12 cases.

“These results suggest that crop rotation can be an

important component of strategies to reduce weed den-

sity and maintain or increase crop yield,” Liebman says.

In Oregon’s Willamette Valley, Larry Thompson’s 100-

acre fruit and vegetable farm blossoms with natural

insectaries. “To keep an equilibrium of beneficials and

pests and to survive without using insecticides, we have

as much blooming around the farm as we can,” he says.

Thompson uses cover crops to recruit ladybugs,

lacewings and praying mantises in his battle against

aphids. Overseeded cereal rye is already growing under

his lettuce leaves before he harvests in late summer and

fall. “It creates a nice habitat for overwintering bene-

ficials and you don’t have to start over from ground zero

in the spring,” he says.

Between his raspberry rows, Thompson lets his dan-

delions flower into a food source for nectar- and pollen-

seeking insects before mowing them down. Forced out

of the dandelions that nurtured them in early spring, the

beneficials pursue a succession of bloom. They move

first into his raspberries, then his Marion berries and

boysenberries.

Later in the year, Thompson doesn’t mow his broc-

coli stubble. Instead, he lets the side shoots bloom, cre-

ating a long-term nectar source into early winter. “The

bees really go for that,” he says.

8

Applying compost, 

depicted in this SARE-

funded project evaluat-

ing organic soil amend-

ments to Maine potato

fields, builds a healthier

plant through healthier

soil — and may suppress

soil-borne diseases.

Photo by Greg Porter.
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Robert Boettcher has never

been averse to change. 

Two decades ago, he looked

around and saw cracks form-

ing in Chouteau County’s

wall-to-wall grain produc-

tion that to him spelled 

opportunity.

They don’t call that part

of north-central Montana

the Golden Triangle for

nothing: One acre of dry-

land grain meets the next —

and so on as far as the Big

Sky reaches.

“So much of this area is

farmed in a monoculture,”

says Boettcher, who has

1,000 acres near Big Sandy.

“Farmers have created their

own problems.”

Boettcher and his son,

Earl, now rotate their grains

with sunflowers, lentils and

such green-manure crops as

alfalfa, lentils and peas. 

Organic since 1992, he uses

no chemical pesticides or

fertilizers—and estimates

he loses less than 1 percent

of his crops to pests.

Count insect pests? He

doesn’t have enough trou-

blesome critters to bother

tallying them up. Weed

problems? “It’s almost frus-

trating: We have very few

weeds and the neighbors

still won’t admit we’re do-

ing something right.”

Crop rotation “sort of

sets everything off bal-

ance,” says Boettcher of

the pests he rarely sees.

His problems with wheat

stem sawfly—a “nasty”

pest that began flaring in

the Big Sandy area about a

half-dozen years ago—have

been “insignificant.” 

During the first year of 

a three-year study of

Boettcher’s farm, Montana

State University scientists

found just half the number

of damaging insects in his

diverse rotation with sun-

flowers and lentils than in a

more typical wheat-barley-

summer fallow rotation. 

“The Boettchers use more

complex rotations, with

more crops that aren’t

hosts,” says Andy Lenssen,

associate research professor

in MSU-Bozeman’s Depart-

ment of Entomology. 

Dryland grain crops grow-

ing under Montana’s big

skies are less prone to insect

pests and foliar diseases

than those produced in

more humid environments,

Lenssen says. “In a lot of

ways, it’s an ideal place to

be an organic producer of

grains.”

But the dryness that

bakes out foliar disease or-

ganisms also protects insect

pests from the fungi, bacte-

ria and viruses that might

otherwise curtail their num-

bers. So the effects of Mon-

tana’s climate are mixed.

The Boettchers try to

crop three-quarters of their

ground. On the other

fourth—green manure

grown on what used to be

summer fallow—they kill

the legume with a chisel

plow and leave as much

residue as possible to blan-

ket the soil. In the winter,

they leave their grain stub-

ble as high as they can to

catch snow.

Dense plantings during

the growing season not only

protect soils but also thwart

weeds. Boettcher plants his

lentils and his grains—

barley, buckwheat, durums,

soft whites and hard reds—

with 6- to 7-inch spacings.

“You get a ground cover 

really quick, and if there are

some weeds there, the

ground cover shades them

out,” he says.

Generally, though, weeds

do not flourish there.

Boettcher works the ground

once before he plants, culti-

vates the resulting weed

flushes, then drills.

That is one of the most

striking differences between

the Boettchers’ farm and

most other Golden Triangle

operations, says Lenssen.

“In conventional systems,

it’s very unusual to go with-

out herbicides—and they

are one of the more expen-

sive inputs in this region.”

With significantly lower

production costs, Boettcher

says his operation is consis-

tently more profitable than

conventional farms. His

yields are often within 80 to

90 percent of theirs, but the

prices he gets for his 

organic crops can be up to

three times higher.

Ecologically based pest

management has not

brought dramatic surprises,

just steady, satisfying im-

provement. “Some signifi-

cant changes have hap-

pened in the soil,” he says.

“Its texture has changed

completely.”

Where the farm used to

experience water erosion,

his new soil-building prac-

tices have virtually elimi-

nated storm-caused ditches.

“Maybe we’re doing some

things right,” Boettcher

says. “We’re on track for try-

ing to build up the soil and

get it to a more healthy con-

dition. We don’t have many

worries about pests and our

plants are healthier, too.”

Robert Boettcher, Big Sandy, Montana
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Reducing pest problems relies on many “little ham-

mers,” each contributing to one or more of the following

general strategies:

i producing healthy crops 

i increasing stress on pests 

i enhancing beneficials

You can redesign the farm to become a more com-

plex agricultural ecosystem. Maximize the farm’s favor-

able ecological processes, such as nitrogen fixation,

nutrient mineralization from organic matter and

beneficial insect populations. Minimize undesirable

processes, such as nutrient loss, disease development

and feeding damage by crop pests.

“We’re not trying to turn farms into completely 

natural systems,” says Teasdale. “In a natural system, no

one species becomes dominant. In an agroecosystem,

the crop is going to dominate. But within that much 

simpler, very managed system, we can apply many prin-

ciples from natural ecosystems to make it easier to 

control pests.”

Produce Healthy Crops
Vigorous crops compete better with weeds and tolerate

more insect damage and disease. Growing crop vari-

eties that are resistant to particular pests, such as a fun-

gal disease, usually results in more vigorous crops that

are better able to resist other pests. Reducing environ-

mental stresses through better soil and crop manage-

ment helps plants better compete with or resist pests.

Build and maintain soil health. The link between healthy

soils and healthy plants remains fundamental to eco-

logically based pest management. The ability of a plant

to resist or tolerate pests is grounded in favorable physi-

cal, chemical and biological properties of soil. Ade-

quate moisture, good soil tilth, appropriate pH, the right

amounts and balance of nutrients, and a diverse and

active community of soil organisms all contribute 

to plant health. (See Resources, p. 20, for information

about the new SAN book, Building Soils for Better

Crops.)

Conserving and building soil organic matter encour-

ages soil fertility and promotes more complex food

webs among soil organisms. Healthy plants depend on

healthy root systems. “Creating aerobic soil conditions

increases the health of plant roots,” says John Luna,

extension specialist in integrated farming systems at

Oregon State University. “By maintaining good drainage,

good tilth and good aerobic condition, you’re able to

promote a whole array of beneficial microorganisms

and to discourage the pestiferous ones.”

Beneficial bacteria and fungi that colonize root sur-

faces can prevent infection by such disease-causing

organisms as Pythium and Rhizoctonia, especially in bio-

logically diverse systems with more complex food webs.

Beneficial soil fungi, nematodes and insects also can be

more effective in complex than in simple soil systems.

Scientists are finding that contact with pest invaders

can actually mobilize resistance mechanisms in plants.

For example, a leaf infection by a plant pathogen or a

bite by an insect can prompt resistance to future attacks

by these or very different pests. This “systemic acquired

resistance” occurs throughout the plant, even in tissue

far away from the initial site. Farming practices can

enhance it. Amending soil with compost, for example,

has produced systemic resistance within cucumber to

anthracnose. Similarly, inoculating transplants with

10

Strategies and Practices for Reducing Pest Pressures 

Minimal 
Pest Damage

Reducing Pest 
Numbers

Growing 
Healthy Plants

(resistant or unattractive
to pests)

Habitat Conservation
and Enhancement

Stress Pests and/or
Enhance Beneficials

Last Resort:
“Reactive” Inputs

Build Healthy Soils

Other Practices to
Reduce Crop Stress
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beneficial mycorrhizal fungi has protected roots from

root rot fungi such as Cylindrocarpon and Pythium.

Composting imported organic-waste residues before

applying them to soils may help fight crop diseases.

Good composts are costly to buy and slow to produce,

but they can pay their own way — especially on farms

that produce high-value vegetables and small-berry

fruits. At Ohio State University, plant pathologist Harry

Hoitink and his co-workers have found that compost

may suppress root and foliar diseases. Among the possi-

ble reasons:

i compost-treated plants are usually healthier and bet-

ter able to resist infection,

i compost feeds microorganisms, which produce plant

growth hormones and chelates that make micronutri-

ents more available to plants, and

i compost hosts beneficial organisms that feed directly

on disease organisms, compete with them for nutrients

or produce antibiotics.

Some soils or potting mixes blended with medium-

maturity compost — which still contains enough food for

microorganisms — have sparked systemic resistance in

plants, Hoitink says. “These plants have elevated levels of

biochemical activity relative to disease control and are

better prepared to defend themselves against diseases.”

Not all composts provide this beneficial effect. In

fact, composts and other biological materials that are

rich in available nitrogen may actually stimulate some

plant diseases. Among these diseases are Phytophthora

root rot in soybeans, Fusarium wilts in vegetable crops

and fire blight in fruit crops. To reduce the risk of initiat-

ing disease, spread these materials many months before

cropping, allow the salts to leach away, or blend in low-

nitrogen materials before application.

In Ohio, vegetable grower John Hirzel recorded 25-

percent yield increases in tomatoes that were started in

the greenhouse in mixtures of one-third compost, then

transplanted to the field into soils amended with 10 to

12 tons of compost per acre. Hirzel, who died in 2000,

found that tomatoes grown with more compost have

better resistance to bacterial canker, bacterial spot and

bacterial speck,. “As soon as they germinate, they are liv-

ing in a soil that has natural bacteria and fungi,” he said

in a 1999 interview.

On the other hand, farming practices that cause

imbalances in nutrition or other factors can lower nat-

ural resistance. High nitrogen fertilizer levels can fuel

the germination and growth of many weed species,

boost the incidence of diseases such as Phytophthora,

Fusarium and corky spot, and stimulate outbreaks of

aphids, mites and other insects.

Creating refuge strips of

flowering plants amid

field crops, such as this

row of anise growing in

soybeans in Ingham

County, Mich., attracts

beneficial insects that

prey on insect pests.

Photo by Doug Landis.
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Some herbicides lower the resistance of crops to

invading disease-causing organisms. Even more serious,

as it decays, glyphosate-treated vegetation can create

flushes of Fusarium, Rhizoctonia and other pathogenic

fungi.

Rotation, in the absence of known pests, has

improved growth and yields in many crops by about 10

percent. Longer rotations tend to increase crop yields

more than shorter rotations; yields of corn and wheat

grown as part of three-year rotations exceed those in

two-year cycles or in continuous monocultures. Adding

organic matter — through cover cropping, animal

manures and crop residues — boosts crop performance

and may improve pest tolerance.

For three decades, Dick Thompson has planted cover

crops, managed weeds like covers instead of like pests,

and lengthened and expanded his crop rotation. “I’m

not saying we don’t have any insect problems, but they

Let this be a warning to all

Colorado potato beetles in

the vicinity of Viroqua,

Wis.: Richard DeWilde has a

flamer and he’s not afraid to

use it. 

Intended to control

weeds, a flamer has instead

become DeWilde’s preferred

instrument for dealing death

to the beetles that have

plagued his eggplant crops

for years.

“It’s kind of tricky, and

you can end up singeing

some leaves if you’re not

careful,” says DeWilde, who

grows about 50 vegetable,

fruit and herb crops on 60

acres for direct sale to con-

sumers in Madison and

Chicago. “But it toasts bee-

tles and larvae to the point

that they just curl up and

fall off. It’s very satisfying.”

He and his crew of em-

ployees were forced to be

especially creative and dili-

gent about controlling both

insect pests and weeds in

1999, when southwest Wis-

consin got too much rain.

That caused weeds and

pests to bedevil DeWilde

more than usual. It did not

sound, though, as if they’re

going to get the upper hand

any time soon.

With 25 years of organic

farming under his belt,

DeWilde could be consid-

ered a pioneer. He says his

experience led him early to

a conclusion others have

followed: improving soil fer-

tility should be the focus of

his weed and pest control

strategies. Flamer aside,

cover crops and compost

are his most effective tools. 

“I grow a lot of rye as

both a cover crop and for

mulching,” he says. “If I had

20 more acres, I’d grow rye

on all of it and use it all for

mulching — at $2 or $3 dol-

lars a bale, it’s too expen-

sive to buy. But if I could

grow and use more I would.

It’s that good.” 

That problem — not

enough acreage — is also a

reason DeWilde relies more

on compost to build the 

soil and control weeds than

crop rotation, which usually

plays a larger role on larger

farms. He spreads about

300 tons of composted ma-

nure, which he gets from an

organic dairy farm next

door, on his fields each year.

Richard DeWilde, Viroqua, Wisconsin

A WORD OF CAUTION REGARDING NO-TILL. If not managed

properly, eliminating tillage can provoke problems. Annual

weed populations can build more rapidly if seeds stay 

on the soil surface, soils may warm up more slowly in the

spring and, under some conditions, no-till may increase

plant disease because some pathogens survive better in

undisturbed soils. 

You may need to till to control perennial weeds that crop

up in undisturbed fields. Soils — especially wet, poorly

drained ones — may need tillage to alleviate compaction by

heavy machinery. In such cases, devise a rotation that 

involves tillage only during selected years or seasons, or

use strip-till or ridge-till instead of no-till. In regions with

cool, wet springs, no-till may not work well for early

planted crops. You may want to talk to professionals from

the Extension Service or the Natural Resources Conserva-

tion Service before changing your tillage regime.

Pennsylvania vegetable

farmer Steve Groff lays

down an experimental

biodegradable clear

plastic mulch on cover

crop residue to warm

soil for no-till sweet

corn. Photo by Ray Weil.
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do not constitute a crisis,” Thompson says. “We don’t

have to treat for them. We haven’t done that for years.”

On his Boone, Iowa, farm, Thompson uses a corn-

soybean-corn-oats-hay rotation, with at least four differ-

ent kinds of hay. He shreds weeds in his ridge-till 

system, then cultivates and lays them between the rows,

turning a pest into a mulch.

At 6 percent, his soil organic matter is now double

that of neighboring conventional operations. “You can

tell it by working it,” Thompson says. “I can do things

with a cultivator that others can’t do. I’m not moving big

clods but fine soil. The dirt flows and allows you to

cover up the weeds.”

Because his soil no longer blows or washes away as

easily as it once did, Thompson’s high ground is becom-

ing more productive. “Our yields are just as good — if

not better — on the hills as they are on the low ground.”

Reduce tillage for healthy soils. Many people consider

tillage necessary for crop production. However, this sea-

sonal practice can destroy some vital processes by

depleting organic matter, intensifying the loss of topsoil

to erosion and destroying soil tilth. Damaged soils are

less able to provide nutrients, hold water and support

biological activity. The net result: less diversity in crucial

soil organisms.

“In my opinion, there’s no single greater catastrophic

event in the life of the soil than to have some big piece

of tillage equipment run across it,” says Luna. “Worms

and bugs are killed, fungi are broken up and destroyed,

and you end up with a much more simplified biological

system.”

To plant and establish vigorous crops, you need to

clear vegetation and residues from at least a portion of

your field. Some equipment, however, minimizes soil

disturbance. No-till planters, which cut a slot just wide

enough to insert seed, disturb soil the least. Strip-tillage

disrupts only a band of soil along the crop row, leaving

untilled areas between rows. Ridge-till systems produce

only shallow soil disturbances. Chisel plows do disturb

soil structure, but, unlike moldboard plows, they do 

not invert or pulverize soils. No-till, zone-till and ridge-

till also leave accumulations of plant residues covering

the soil.

In a 1997 vegetable trial, Oregon State University

researchers found a Willamette Valley farmer improved

corn yields after strip-tilling into a winter cover of oats,

vetch and Austrian winter peas. The farmer planted in

eight-inch strips cut into the cover crop residue. The

new system returned $100 per acre more than the stan-

dard tillage system.

Surface plant-residue mulches supply organic matter

that reverses many of the detrimental effects of tillage.

They take the edge off soil temperature extremes and

keep soil moisture more consistent, thereby favoring a

wide group of organisms. These factors combine to

His neighbor includes corn-

stalks, partially broken

down by hooves, from the

cows’ bedding.

“He doesn’t test or mea-

sure any of the ingredients,

but he’s hit a perfect 20 to 1

carbon/nitrogen balance

every time in the past two

years,” he says.

While composting is be-

lieved to boost the immune

systems of plants, DeWilde

and a researcher from the

University of Wisconsin

found it raised instances of

diseases like Rhyzoctonia

solani. But even with a mild

spike in some diseases,

DeWilde says the attention

he’s paid to soil fertility has

been worth it.

“Most of the time, weeds

are indicators of the nutri-

ents that are missing in your

soil,” he says. “When you

get weeds with long tap-

roots, that’s a sign that the

nutrients you want near the

surface are down deep. 

The weeds tell you what’s

missing.”

In a season of heavy

rains, weeds will grow on

any soil, weak or strong. So

he and his crew have been

standing ready. He has three

tractors outfitted with belly-

mounted cultivators, offset

cultivators and an imple-

ment made in Michigan that

employs a series of rubber,

finger-like attachments to

pluck weeds. 

“We don't hesitate,” he

says. “As soon as the

ground is dry enough, we’re

out there trying to stay

ahead of the germination

the rain brings.” He’s just as

diligent against insect pests.

In addition to the double

duty borne by his flamer, he

uses Bt against corn borers

when traps tell him he’s get-

ting a significant number of

moths in the field at night.

He applies Rotenone, a pes-

ticide made from the bark of

an African shrub, against

flea beetles in his greens

and herbs. The powder is

known to be toxic to fish

and bees, so he doesn’t ap-

ply it when rain is imminent,

or on flowering plants like

squash and melons. 

That decision leaves his

squash vulnerable to bee-

tles, but DeWilde says he’s

reached at least a tempo-

rary understanding with

them. Knowing their attrac-

tion to the color yellow, he

lines an early stand of

squash with yellow plastic

mulch and stands back

while they attack. They 

decimate that particular

patch, he says, but tend to

leave his other stands of

more commercially desir-

able squash unmolested.

This arrangement is fine

for now, he says, but once

he develops his flaming

technique a bit more, even

squash beetles may find it a

little too hot to hang out at

Harmony Valley. 

In Ohio, John

Hirzel recorded 

25-percent yield 

increases in toma-

toes started in the

greenhouse in mix-

tures of one-third

compost, then

transplanted into

soils amended with

10 to 12 tons of

compost per acre.
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Soon after Klaas Martens

and his wife, Mary-Howell,

decided to stop using 

synthetic pesticides on their

legume and grain farm 

in upstate New York, they

started digging. It wasn’t

just the soil on their 900

acres they hoped to turn

over; they also sought 

old research and forgotten

information about organic

farming methods.

They found it. Unearthing

a series of research papers

on weed control and soil sci-

ence from the late 1930s

and writings on soil chem-

istry from the 1940s and

1950s was just the begin-

ning. The couple also dis-

covered a wealth of infor-

mation in the memories and

experiences of older people

in their small Finger Lakes

community of Penn Yan who

had farmed before the use

of synthetics became wide-

spread.

Mary-Howell Martens

says the collective wisdom

they’ve tapped in their ef-

forts to grow the best crops

without chemicals points

them in one direction: soil

health. 

The more they’ve stud-

ied, the more they’ve come

to believe soil composition

matters more than any 

other weed and pest control 

regimen, no matter how

strict. In fact, she claims

that, “anyone who thinks

they can get into organic

farming and just depend on

mechanical weed control 

is in trouble.” 

That’s not to say the

Martens don’t own and use

their share of cultivators

and rotary hoes on their

soybeans, wheat, triticale,

corn and red beans. 

They’ve just come to believe

their strongest ally in the

fight against weeds and

pests isn’t something you

can hook to a tractor, re-

lease from a sprayer, or

even see with the naked

eye. Instead, it’s vigorous

microbial activity in the soil,

in combination with a

proper balance of nutrients

and minerals.

In his efforts to promote

the maximum amount of 

biological activity in his

soils, and to maintain the

kind of mineral presence

that both feeds plants and

heightens tilth and absorp-

tion abilities, Klaas Martens

has discovered the secret 

isn’t necessarily in inputs.

He uses ground  fish and an

organic bio-stimulant, but

has concluded that “a lot of

it has to do with cover 

crops and a good rotation 

schedule.”

He refers to an early 

paper by German scientist

Bernard Rademacher: “If

each crop is grown after its

most suitable predecessor,

the competition of weeds is

checked through its vigor

alone.”

Pests appear to like the

Martens’ soil improvement

efforts about as much as

weeds do. A recent exten-

sion service test of their

100-acre sweet corn crop

yielded absolutely zero cut-

worms. Klaas later discov-

ered some worm larvae 

on a few ears while harvest-

ing, but the plants were 

the cleanest he’d ever seen

or grown.

“They didn’t get sprayed

once,” he says. “To my

mind, those results are due

to a good rotation schedule

and strong plants in good,

supportive soil that are

healthy enough to discour-

age infestation without a lot

of help from me.”

In recent years, Mary-

Howell has published sev-

eral articles in Acres USA

magazine about the educa-

tion she and her husband

have undergone in their

quest to make organic

growing profitable. Her 

articles detail the weed and

pest management practices

they’ve adopted, provide

rotation strategies, list 

their tillage and cultivation

practices — as well as the

equipment they use — and

discuss the economics of

growing organically as 

opposed to using chemical

inputs.

In her writing, she makes

clear that she and her hus-

band believe both in doing

their homework and in mak-

ing farming a community af-

fair. In the years since they

switched to organic grow-

ing, about six neighboring

farmers have followed suit.

When others expressed in-

terest, the Martens insti-

tuted regular monthly meet-

ings where they and their 

fellow organic growers

trade tips and get to know

each other better.

“Klaas and I are so

grounded now in studying

soil chemistry and plant

pathology, and rediscover-

ing the expertise that was

out there and generally

available before chemicals

made it all seem unneces-

sary,” she says. “We like to

see what we can do to sup-

port one another, how

someone who has been or-

ganic for a while can help

someone who is just getting

interested.”

Klaas and Mary-Howell Martens, Penn Yan, New York

Interspersing 

non-host plants

can hinder the

movement of 

insect pests and

crop disease 

organisms by 

altering light and

humidity and

jumbling the crit-

ical visual and

chemical signals

insect pests 

use to recognize

their hosts. 
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improve biological activity, soil tilth and nutrient- and

water-holding capacity.

In Lancaster County, Pa., Groff says his cover crops —

along with his “full time, 100-percent commitment to no-

till” — have increased his soil organic matter from 2.7 to

4 percent in the last decade. Although he farms on

slopes as steep as 17 percent, his annual erosion losses

are only a fraction of the county’s average.

When putting in underground irrigation lines, Groff

found “roots of my rye cover crop 40 inches deep and

earthworm holes 36 inches deep. By not tilling the soil,

by leaving all of that structure intact, over several years I

have a soil that begins to open up.”

Maintain surface residues. More diverse biological and

physical environments at the soil surface spark more

bountiful opportunities for regulating pests. The living

and dead plant materials linked with no-till manage-

ment readily establish biological activity, which can

contribute to natural suppression of pests. The soil

organic matter and fertility generated by cover cropping

and reduced tillage also lessen pest damage simply by

improving the growth and vigor of crops.

Cover crops supply generous amounts of surface veg-

etation and residue that can be customized for specific

needs. Live, they furnish excellent habitat and food for

beneficial insects. Strip-tilling a cash crop into a winter

annual cover crop or overseeding the cash crop with a

cover crop after the last cultivation allows bands of live

covers to flourish between rows without over-competing.

In some systems, cover crops eliminate the need for

pre-plant herbicides and reduce the need for post-emer-

gence herbicides. (See Resources, p. 20, for information

about the comprehensive book, Managing Cover Crops

Profitably.) Winter annual cover crops continue to yield

crop benefits even after they have withered. Along with

residue from previous crops, they can interfere with pest

populations by:

i hindering weeds or other soil pests by physically

obstructing their growth, tampering with soil tempera-

ture or moisture, or unleashing plant-inhibiting allelo-

pathic chemicals,

i preventing fungal spores from being dispersed by

water or wind, thereby curbing foliar diseases, and

i enhancing populations of predatory insects such as

ground beetles and spiders.

“We see it over and over in our research,” says weed

specialist Teasdale: “The tomatoes in the vetch cover

crop system stay green and healthier longer than toma-

toes grown on a black plastic mulch.” Indeed, the 

tomatoes maintain healthy green foliage about 50 per-

cent longer.

Hana Newcomb stands

by the vegetables pro-

duced by her 30-acre 

organic farm in northern

Virginia. She and 

her mother, Hiu, rely on

mulches to control

weeds — from onion

plants blanketed by

composted leaves, to

blueberry bushes rising

through mounds of 

sawdust, to cucumber

plants pushing pro-

tective sheets of white

polyester. Photo by 

Valerie Berton.

PERCENTAGE REDUCTION OF VARIOUS PEST POPULATIONS/

INCREASE OF BENEFICIAL INSECTS 

(averaged over the 1997–1998 growing season at 
USDA-ARS, Beltsville, Md.)

% reduction/increase 
Pest species by a hairy vetch cover crop

Annual grass weed number . . . . . . . . . . . . . . . . . . . . . . . . . . - 83

Early blight disease severity . . . . . . . . . . . . . . . . . . . . . . . . . . - 52

Colorado potato beetle number . . . . . . . . . . . . . . . . . . . . . . . - 82

Beneficial lady beetle number . . . . . . . . . . . . . . . . . . . . . . . + 250

Comparisons made from experiments with tomatoes grown in

hairy vetch versus black polyethylene mulch for disease and

insect data and from experiments with corn grown in hairy vetch

versus unmulched soil for weed data.
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Other practices for building healthy soils. Good man-

agement of soil organic matter — reducing tillage,

applying animal manures and composts, and rotating

with such soil-building crops as sod-forming grass 

and legume forages — forms the basis for healthy soils.

Develop strategies to encourage on-farm nutrient

cycling and help organic matter accumulate. Take care

to avoid compacting soils. You may need to keep heavy

equipment off wet soils, maintain controlled traffic

zones on soils susceptible to compaction, or use some

tillage to break up compacted layers. Many of the soil-

building practices discussed above help reduce soil

erosion. On soils that are prone to erosion damage,

consider strip cropping, grassed waterways to conduct

runoff off fields, and soil terracing to help keep topsoil

in place.

Create Multiple Stresses on Pests
Maximizing the impacts of many “little hammers” takes

an understanding of the life cycles of pests and of

beneficial organisms. In ecologically based systems,

farmers scrutinize the life cycles of pests and beneficial

organisms, looking for times and places where small

control measures can add up to big results. A good

opportunity might arise during a pest’s overwintering

stage, for example, and another while it is first coloniz-

ing the crop. A beneficial organism may offer protection

at one stage and need protection at another. Even in

small increments, pest mortality can eventually pare a

big problem to a low level.

In Sentinel Butte, N.D., cattle producer Dennis Dietz

is battling a 75-80 percent leafy spurge infestation with

several species of imported flea beetles after herbicides

had little effect on a pest that plagues farmers in the

western Plains. The flea beetles, however, are leaving

their mark.

“I’ve seen dramatic changes in stem count and

flowering,” says Dietz. “My feeling is that the control is

excellent, and it’s long term.” Established in his own on-

site insectary plantings, the flea beetles “will be there

forever,” he says. “Chemical control, in my opinion, is

way too expensive and it doesn’t last as long.”

Not only do the adult beetles feed on the tops of

leafy spurge, but flea beetle larvae burrow into the

weed’s roots, exposing them to a second stress: oppor-

tunistic disease organisms.

Cooperating in a “Team Leafy Spurge” project

through the USDA Agricultural Research Service in Sid-

ney, Mont., Dietz has begun to add a third stress —

sheep — to his biocontrol strategies. Their mission:

graze off the tops of the plant while the beetles work on

the roots.

Discourage the pests’ dispersal or connection with

crops. Interspersing non-host plants can hinder the

movement of insect pests and crop disease organisms

by altering light and humidity and jumbling the critical

visual and chemical signals insect pests use to recog-

nize their hosts. Non-host plants put distance between

susceptible plants and, like fly paper, intercept spores to

limit the spread of diseases.

Flea beetles that attack cabbage and other crucifers

are less abundant when clover — a non-host species — is

sown between cabbage rows. Crop losses to mildew are

higher in pure stands of barley than in mixtures of bar-

leys that differ in their susceptibility to disease races.

Disrupt pest populations by destabilizing habitat. When

pests are adapted to some crops but not to others, rota-

tions that include non-host crops can help with control.

Placing a non-host crop in a rotation sequence often

destroys the habitat a pest needs, limiting population

growth. Infestations of Colorado potato beetles, for

example, are more severe in continuous potatoes than

in potatoes that follow winter wheat or rye. Similarly,

rotating soybeans with such non-hosts as corn reduces

charcoal rot.

To be suppressed by rotation, a target pest must

have specialized feeding habits that restrict it to a 

narrow host range. Its ability to move to other locations

also must be low. Finally, its dormant and resting 

stages must be shorter than the time gap between sus-

ceptible crops.

Rotations that include diverse crops and manage-

ment practices tend to have fewer weed problems than

simple rotations and crop monocultures. By continually

changing the “rules of the game,” complex rotations dis-

courage the selection and adaptation of weeds.

Giant foxtail, for example, is less of a problem in a

three-year corn-soybean-winter wheat rotation than in

corn-soybean or continuous corn. Differences in the

timing of germination, growth and competitiveness

among the three crops, plus the suppressive effects of

wheat straw, are likely reasons.

Reduce weeds’ access to resources. Many crops lack

canopy cover and substantial root growth when they are

young, limiting the plants’ ability to fully capture sun-

light, water and nutrients. Instead, these crops give

invading weeds a foothold. Later in the season, weeds

Beneficial preda-

tory and para-

sitic organisms

generally do not

flourish in fields

with only one

plant species. 
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will compete with the crop and reduce its yield. Nar-

rower row spacings, higher crop population densities

and intercropping may all rob weeds of the resources

they need to grow.

On the other hand, these same weed-choking prac-

tices can increase disease levels in some crops. Denser

stands of wheat, for example, are more susceptible to

mildew. Use disease-resistant varieties with such 

practices.

Enhance Beneficial Organisms
“Farmscaping” — a term coined by Robert Bugg of the

University of California — describes a comprehensive

approach to nurturing populations of beneficials. It

examines and redesigns the whole farm landscape, rear-

ranging fields, hedgerows, conservation buffers and

other farm features to favor the beneficial organisms

that protect crops.

Beneficial predatory and parasitic organisms gener-

ally do not flourish in fields with only one plant species.

They need overwintering sites and different types of

microenvironments — such as shady, moist places —

where they can find protection from their own natural

enemies. Besides the pests on which they prey,

beneficials often need additional sources of food. Para-

sitic wasps and predacious hoverflies, for example,

depend on a daily supply of honeydew, nectar and

pollen for energy and reproduction. Alternative food

sources are critical to the development of slow-repro-

ducing predators.

To improve habitat for beneficials, consider:

i sowing cover crops between rows of cash crops,

i maintaining “beneficial insectary plantings” at field

edges,

Crimson clover is often

grown in California nut

groves and orchards to

provide nitrogen to tree

crops. Its eye-catching

flowers produce abun-

dant nectar for bees and

contain pirate bugs that

prey on small pests like

thrips. Photo by Ray

Weil.

i providing permanent refuge strips — “or beetle

banks” — for ground beetles, an important group of soil-

dwelling generalist predators,

i harboring natural predators, parasitoids and wildlife

in perennial grasses, forbs, shrubs and trees on field

edges or in strips,

i through conservation tillage, preserving soil struc-

ture and complex food webs for ground beetles and

other beneficials, and

i supplying root disease-suppressing microbes with

life-sustaining organic matter by means of cover crops,

animal manures and composts.

“An intelligent addition to the diversity of habitat on

the farm allows a lot of different kinds of predators and

parasites to work on the side of the farmer,” says Kim

Stoner, assistant entomologist at the Connecticut Agri-

cultural Experiment Station in New Haven. “It makes

sense to go for a spectrum of flowering plants over the

course of the year.”

In western Texas, pecan grower Kyle Brookshier uses

one key strategy to limit dispersal of stink bugs. He

plants black-eyed peas between or around all 1,300

acres of his nut trees. Drawn to the peas, the stink bugs

now leave his pecans virtually alone. Rather than the 

12–13 percent damage they used to cause in his nut

crop, Brookshier now sees less than 1 percent.

“We have almost ceased to get damage from stink

bug,” he says. “I think it should be a standard cultural

practice in pecan orchards.”

Brookshier plants the peas two to four rows wide at

two-week intervals between late June and late July. That

way, his trap crop is always lush when the stink bugs are

active. An added bonus of this inexpensive pest control

strategy: The black-eyed peas are a hit at family meals.
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Bill Chambers, Willamette Valley, Oregon

When Bill Chambers began

working to make his Stahl-

bush Island Farms more sus-

tainable back in 1990,

doubtful observers in Ore-

gon’s lush Willamette Valley

expected a wreck. Their

only question: Which of his

varied fruit and vegetable

crops would fail first?

“The pleasant surprise

was that we haven’t had any

disasters,” says Chambers, a

cattle rancher’s son who

chose to raise crops rather

than cows in the valley’s

classic Mediterranean cli-

mate. “There have been no

crop failures — and a lot of

folks thought we wouldn’t

have any crops to harvest.”

Stahlbush Island Farms,

an 1,800-acre integrated

farm-food processing plant

in Corvallis, Ore., markets

its frozen products to in-

dustrial food firms. It no

longer uses herbicides,

fungicides and insecticides

in its sweet corn, squash,

pumpkins and green beans.

Compared to its conven-

tional competitors,

Stahlbush applies only 15

percent as much pesticide

on its broccoli, strawberries

and spinach.

Educated as an agricul-

tural economist at Oregon

State University, Chambers

knows that staying profit-

able is key to sustaining the

farm. “But,” he says, “profit

maximization is not our sole

objective. All economic de-

cisions are not dollars and

cents. We include non-cash

factors in our decisions. We

value how we do things as

much as what we do: If our

farm is healthier and if

we’re healthier, then we

live longer and more

fulfilled lives.”

The costs of using a pesti-

cide should not be underes-

timated, Chambers says.

They include potential dam-

age to beneficial organisms,

to the environment, to

crops, to consumer trust

and to worker health.

“Who likes to deal with a

poison or a toxic product?”

asks Chambers. “I won’t ask

people to do things that I’m

not willing to do myself.”

A main Stahlbush value is

innovation — and innovate

they do, by:

i Growing no crop on the

same ground two years in a

row, and by completing

their rotations in a minimum

of seven years, they break

disease and insect cycles,

control weeds and improve

overall soil health.

i Planting cover crops

each year after harvest and

working them back into the

soil before planting, they

build organic matter, gener-

ate soil nitrogen, control

weeds and prevent nitrogen

leaching.

i Substituting mechaniza-

tion, computer technology

and intensive management

for pesticides, they deliver a

higher-value product to

their customers, usually at

the same price.

Stahlbush’s cost structure is

not equal. “We tend to have

much higher labor costs

than a conventional system,

but I believe the sum of our

costs is lower,” Chambers

says. “They’re different

kinds of costs: our system is

management- and capital-in-

tensive and most conven-

tional systems are much

more chemical-intensive.”

Not only do ecologically

based operations have dif-

ferent costs, they also bring

unusual payoffs. When

Chambers first stopped

treating garden symphylans

with pesticides, he calcu-

lated that he could tolerate

any resulting crop losses.

The value of the small

patches he was losing was

less than the cost of the

pesticide that would keep

the root-chewers in check. 

Instead, Chambers hit

paydirt: “I found that over

time, the symphylan dam-

age just disappeared.” The

pests, he believes, “have

come into balance with an

insect or disease or some-

thing else that preys on

them.”

“What we’ve found is

that the whole soil-insect-

fungi-bacteria relationship is

an interwoven web of

predators and prey,” Cham-

bers says. “When you go in

with a harsh pesticide, you

disturb all of that.”

To keep soil microbes in

balance and prevent some

from reaching bullying lev-

els, Chambers takes his

fields out of irrigation every

three or four years. 

Chambers reflects on

what he was once taught:

that the soil is a “mineral

sponge” to be managed with

an input-output model. For

best results, yesterday’s

farmers were told to simply

replace pound-for-pound

the fertilizers their crops

had used.

“In reality, the soil is 

an ecosystem and I’m just

putting the dominant

species into that ecosys-

tem,” says Chambers. “By

managing it as an ecosys-

tem, we’re much more suc-

cessful than looking at it as

a mineral sponge.”
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Only as a Last Resort, Use Targeted Attacks
Even in ecologically based pest management systems,

farmers may need to use pest control tactics, including

pesticides. Managing weeds without tillage or herbi-

cides, for example, is not consistently reliable. Because

unwanted populations of annual and perennial vegeta-

tion can build very rapidly, herbicides remain an impor-

tant tool, especially in no-till systems.

Judicious selection and limited use of herbicides

that are low in toxicity and short in environmental 

persistence — combined with minimum-till and cover

crop management — will help create habitat for

beneficial organisms and develop healthy soils.

Sometimes key insect and disease pests — often

introduced from another part of the world — can 

damage crops significantly. Ecologically based controls

may not be available for these recently imported

species. In this situation, reacting with the least disrup-

tive, most specific chemical may be the farmer’s best

option.

Use reactive interventions only after clear decision-

making. As you assess, consider the following:

i properly identifying the pest and possible beneficial

species present,

i assessing the pest population and its threat to the

crop, and

i selecting the appropriate tactic — a chemical, bio-

control organism or other intervention — based on

full knowledge of the range of measures available

and their effectiveness, cost and side effects.

Options for pesticides and biorationals. To kill pests, dis-

rupt their life cycles or deny their access to crops, farm-

ers have an assortment of conventional and biorational

materials at their disposal. Conventional chemicals

include synthetic, broad-spectrum pesticides that often

leave in their wake unwanted side effects — harming

other species or polluting the environment.

Biorationals are more specifically toxic to or disrup-

tive of target pests. Naturally derived or synthesized,

they include growth regulators, microbial toxins, anti-

feeding agents, pest-smothering oils, and disruption

pheromones that confuse insects and reduce their

reproductive success.

“They’re an improvement and — if used properly —

there should be an economic gain to the grower,” says

Ed Rajotte, integrated pest management coordinator at

Penn State University. For now, he says, many biora-

tionals are more expensive and more difficult to use.

Rajotte’s emphasis today: helping farmers substitute

the many “little hammers” of management information

for the “big hammer” of broad-spectrum pesticides.

i i i

If the agricultural research and extension community

applies “a concerted effort” over the next decade,

Magdoff believes ecologically based pest management

systems could be widely adopted.

“A lot of people have parts of this ecologically based

pest management system working very well for them

right now,” says Magdoff.

Beware the temptations of the “big hammer,” says

Fred Kirschenmann, an organic grain farmer in North

Dakota. Like everyone, he points out, farmers want to

see immediate results. Quick satisfaction from a big

hammer strategy often gives way to disappointment over

the long term.

“Develop the attitude that every time a ‘big hammer’

strategy is used, it represents a failure in the system,”

Kirschenmann says. “You should always assess what

went wrong and what strategies to follow up with to put

the ‘many little hammers’ back in place.”

Hanging a sticky sphere

coated with a fruit-like

odor to attract apple

maggot flies helps apple

growers determine when

pests are present in 

significant numbers, 

allowing them to target

insect controls rather

than spraying the typical

three times a season.

Photo by Ron Prokapy.
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Resources
GENERAL INFORMATION

Appropriate Technology Trans-

fer for Rural Areas (ATTRA),

Fayetteville, AR. Offers a series

of publications on agronomy

and pest management cover-

ing various aspects of ecologi-

cal pest management.(800)

346-9140; http://attra.ncat.org/

Sustainable Agriculture Re-

search and Education (SARE)

program, USDA-CSREES, Wash-

ington, D.C. Studies and

spreads information about

sustainable agriculture via a

nationwide grants program.

See research findings at

www.sare.org/projects/

Sustainable Agriculture Net-

work, Beltsville, Md. The na-

tional outreach arm of SARE,

SAN disseminates information

through electronic and print

publications, including:

– Building Soils for Better

Crops, 2nd Edition. $19.95 +

$3.95 s/h.

–  Managing Cover Crops Prof-

itably, 2nd Edition. $19 + $3.95

s/h.

–  Steel in the Field: A farmer’s

guide to weed management

tools. $18 + $3.95 s/h.

– COMING IN 2003: Ecological

insect control handbook.

To order: www.sare.org/

htdocs/pubs/; Lee.Hendrick-

son@uvm.edu; (802) 656-0484

Alternative Farming Systems

Information Center (AFSIC),

National Agricultural Library,

Beltsville, MD. Offers biblio-

graphic reference publica-

tions on ecological pest man-

agement on line. (301)

504-6559; afsic@nal.usda.gov;

www.nal.usda.gov/afsic.

PUBLICATIONS 

Agroecology: The Science of

Sustainable Agriculture (2nd

ed.) by Miguel Altieri. Key

principles in case studies of

sustainable rural development

in developing countries. $36

to Perseus Books Group,

(800) 386-5656; westview.

orders@perseusbooks.com;

www.westviewpress.com/ 

Alternatives in Insect Pest

Management—Biological and

Biorational Approaches by

University of Illinois Exten-

sion. Rates the effectiveness

of microbial insecticides,

botanical insecticides  soaps,

attractants, traps, beneficial

insects, etc. Web only.

www.ag.uiuc.edu/~vista/

pdf_pubs/altinsec.pdf 

Alternatives to Insecticides for

Managing Vegetable Insects

(NRAES-138) by Kimberly A.

Stoner. Proceedings from a

conference on alternatives to

insecticides for vegetable

growers in the Northeastern

U.S. $8 to NRAES Cooperative

Extension, (607) 255-7654;

NRAES@ cornell.edu;

www.nraes.org

Best Management Practices for

Crop Pests by Colorado State

University Extension. Inte-

grated pest management ori-

ented to western U.S. crops

and pests. Bulletin XCM-176.

Free ($3 shipping) to The

Other Bookstore, (877) 692-

9358; cerc1@ur.colostate.edu;

www.cerc.colostate.edu

Biodiversity and Pest Manage-

ment in Agroecosystems

by Miguel Altieri & Clara

Nicholls. Entomological as-

pects and the ecological basis

for the maintenance of biodi-

versity in agriculture. $74.95

(hard cover) from The Haworth

Press, Inc., 1-800-HAWORTH;

getinfo@haworthpress.com;

www.haworthpress.com

IPM in the Western United

States, (various crops)

University of California Press;

(800) 994-8849;

www.ipm.ucdavis.edu.

The Control of Internal Para-

sites in Cattle and Sheep by

Jean Duval, Macdonald Col-

lege, Quebec, Canada (514)

398-7771; info@eap.mcgill.ca;

www.eap.mcgill.ca/

Publications/EAP70.htm

Insect Pest Management in

Field Corn by J. Van Duyn. Dis-

cusses cultural practices use-

ful in controlling various in-

sect pests.

http://plymouth.ces.state.nc.

us/pubs/ent/index1.html

Integrated Parasite Manage-

ment for Livestock by Ann

Wells, Appropriate Technology

Transfer for Rural Areas.

(800) 346-9140;

http://attra.ncat.org/

attra-pub/livestockipm.html

Michigan Field Crop Pest Ecol-

ogy and Management (E-

2704), Michigan Field Crop

Ecology (E-2646)  and Fruit

Ecology and Management (E-

2759) by Dale Mutch et al. $12

each to Michigan State Univer-

sity Extension. (517) 355-0240;

bulletin@msue.msu;

http://ceenet.msue.msu.edu/

bulletin/

Natural Enemies Handbook:

The Illustrated Guide to Bio-

logical Pest Control (#3386)

by Mary Louise Flint and

Steve H. Dreistadt and Pests of

the Garden and Small Farm

(2nd ed.) (#3332) by Flint.

$35 each to University of Cali-

fornia Press; (800) 994-8849;

anrcatalog@ucdavis.edu;

www.ipm.ucdavis.edu.

Pest Management at the Cross-

roads by Charles M. Ben-

brook. Pest management

strategies that rely on inter-

ventions keyed to the biology

of the pest. $29.95 + $6 s/h.

www.pmac.net/bymail.

htm or (208) 263-5236 

The Soil Biology Primer by

USDA-NRCS. Describes the im-

portance of soil organisms

and the soil food web to soil

productivity and water/air

quality.

http://soils.usda.gov/sqi/

SoilBiology/soil_biology_primer

.htm. Or $11 to SWCS, (800)

THE-SOIL x10

Suppliers of Beneficial Organ-

isms in North America. Califor-

nia Department of Pesticide

Regulation. A resource for

purchasing biological con-

trols. Free & online in full-text,

(916) 324-4100;

chunter@cdpr.ca.gov;

www.cdpr.ca.gov/docs/

ipminov/bensuppl.htm

Weeds as Teachers: ‘Many Lit-

tle Hammers’Weed Manage-

ment by Sally Hilander. Pro-

ceedings of a 1995 weed

management conference on

least-toxic and non-toxic tech-

niques for controlling weeds

in the Northern Plains

(Canada and U.S.). $14 to Al-

ternative Energy Resources

Organization (406) 443-7272,

aero@desktop.org; http://

sunsite.tus.ac.jp/pub/academic/

agriculture/farming-

connection/weeds/home.htm

WEB SITES 

Biological Control: A Guide to

Natural Enemies in North

America, www.nysaes.

cornell.edu/ent/biocontrol/ 

Biological Control as a Com-

ponent of Sustainable Agricul-

ture, USDA-ARS, Tifton, Ga.,

http://sacs.cpes.peachnet.edu/

lewis 

Center for Integrated Pest Man-

agement. Technology develop-

ment, training, and public

awareness for IPM nation-

wide. http://cipm.ncsu.edu/

Database of IPM Resources. A

compendium of customized

directories of worldwide IPM

information resources accessi-

ble on line.

www.ippc.orst.edu/cicp/

Iowa State University

www.ipm.iastate.edu/ipm/

IPM World Textbook, Univer-

sity of Minnesota’s  list of inte-

grated pest management re-

sources.

www.ipmworld.umn.edu

Michigan State University In-

sect Ecology and Biological

Control

www.cips msu.edu/landislab/ 

www.cips.msu.edu/

biocontrol/

North Carolina State University

www.ces.ncsu.edu/depts/

ent/pestlinks.shtml

http://ipm.ncsu.edu/ncpmip/

Pennsylvania State University

IPM, http://paipm.cas.psu.edu 

University of California Inte-

grated Pest Management Pro-

ject, www.ipm.ucdavis.edu 

Pest Management at the Cross-

roads. Comprehensive set of

links to ecologically based

pest management.

www.pmac.net

SARE works in partnership

with Cooperative Extension

and Experiment Stations at

land grant universities to de-

liver practical information to

the agricultural community.

Contact your local Extension

office for more information.
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INTRODUCTION

THE WHAT AND WHY OF 
LOCAL AND REGIONAL FOODS
In America’s rural towns and urban centers, 
in remote farm fields and on the edge of 
cities, a sea change is underway. Farmers and 
ranchers selling their products nationally or 
internationally are finding a reason and a means 
to keep some sales closer to home. New farmers, 
small and midsized farmers, and those who want 
to personally brand their products are finding 
enthusiastic buyers right in their communities. 
Urban residents who may never have set foot on 
a farm are gaining a new appreciation for and 
connection to the men and women producing 
our food. And business owners are tapping into a 
market whose steady growth over two decades—
growth that has become exponential in recent 
years—spells opportunity in the form of jobs, 
revenue, and economic development. 

Interest in local and regional food has 
transcended many geographical and 
demographic barriers on its journey into 
the mainstream. By 2011, over 85 percent of 
customers polled by the National Grocers 
Association said that they chose a grocery 
store based in part on whether it stocked 
food from regional producers.1  1,500 chefs 

nationally ranked local foods as the year’s top 
restaurant industry trend.2 Over 2,000 schools 
across the country have developed farm to 
school initiatives to source from local farmers, 
ranchers and food businesses3 and over 7,000 
U.S. cities and towns host farmers’ markets.4 

The growing interest in local and regional 
food has also brought with it many questions. 
What exactly does “local” mean? Local and 
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   FAST FACTS

·	USDA’s	Economic	Research	

Service	finds	that	on	the	farm,	

local	food	systems	are	generating	

13	farm	operator	jobs	per	1	million	

in	sales.	

·	 In	2011,	54	out	of	55	U.S.	states	

and	territories	requested	USDA	

funding	for	local	food	system	

projects	through	the	Specialty	

Crop	Block	Grant	program.	
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regional foods still make up a small share of total U.S. 
agricultural sales—so why does this market matter? 
Who does it benefit? Is it worth the hype?

In 2008, then Senator Barack Obama pledged to promote 
local and regional food systems because they help 
farmers and ranchers “get full retail price for their food—
which means farm families can afford to stay on the farm, 
doing the important work which they love.”5 In 2010, 
Agriculture Secretary Tom Vilsack laid out a five-year 
strategic plan for the U.S. Department of Agriculture 
(USDA). One pillar of this plan was the development and 
support of regional food systems. He stated: 

An increased emphasis on regional food systems 
will have direct and significant benefits to rural 
communities. Increased economic activity 
in food-related sectors of the economy helps 
communities build and maintain prosperity. 
Building on the foundation established [by 
Congress] in the 2008 Farm Bill, USDA will 
work closely with all its strategic partners… to 
develop and revitalize the critical infrastructure 
necessary for vibrant regional food systems.6 

As Americans, we share a common desire to invest in 
our communities and reap the benefits that stem from 
that investment. And since we all eat, the money we 
spend on food is a powerful investment tool. The data, 
literature and on-the-ground evidence in this document 
show that regional food systems are helping to drive 
job growth in agriculture, increase entrepreneurship 
opportunities in rural communities, and expand 
consumer choice and food access. They are a critical 
complement to our strong national and international 
food systems. By taking advantage of each system’s 
unique strengths, we ensure that American agriculture 
can provide a bounty long into the future. 

WHAT AM I READING?

The Know Your Farmer, Know Your Food Compass 
is a digital guide to help stakeholders navigate USDA 
resources and efforts related to local and regional food 
systems. It explains USDA’s recent work to create new 
market opportunities and to use consumer interest 
in where their food comes from to foster a national 
conversation that benefits all of American agriculture. 
The Know Your Farmer, Know Your Food initiative 
(KYF), a management and communications effort 
described in the next section, has facilitated these 
efforts since its inception in 2009. The KYF Compass 
organizes USDA’s work on local and regional food 
systems into seven thematic areas; each section 
discusses resources related to the theme and provides 
case studies and examples of USDA-supported 
programs and projects in the field. 

A large selection of these programs and projects is also 
visible on the KYF Map, which can be displayed by 
topic, program, or recipient type. 

The KYF Compass and map describe only a portion of 
USDA resources available for local producers and food 
businesses. As part of the KYF initiative, USDA identified 
an initial list of 27 programs that are available to support 
local food efforts; the KYF Compass and map provide 
examples of these programs at work. Yet there are 
programs that play a significant role that are not included 
in this list. For example, USDA Rural Development’s 
Rural Energy for America Program (REAP) is helping 
producers, including those selling locally, become more 
energy efficient. REAP is not mentioned on the map or in 
the KYF Compass, but it certainly plays a role in helping 
local producers enhance their profitability. 

Corey Chapman, EBT Coordinator 
for City of Chicago farmers markets, 
processes a woman’s benefits card so she 
can purchase items at the market.

6 | KNOW YOUR FARMER, KNOW YOUR FOOD COMPASS
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Similarly, it may be tempting to add up the dollar 
amounts displayed on the map to estimate USDA’s 
overall monetary support for local and regional food 
systems—but this total would be misleading. For 
example, to showcase support available for local 
producers through the Farm Service Agency’s farm 
loans program, the map includes several case studies 
in a handful of states. The actual number of local 
producers that have benefited from FSA backing is 
much greater, but total monetary support for this sector 
is not displayed on the map. 

The map and KYF Compass, like the KYF initiative itself, 
are more useful as an illustration of the value of agency 
coordination at a time of limited government resources. 
Many of the efforts described in the KYF Compass have 
been made possible because of inter-agency coordination 
facilitated through the initiative. For example, due to the 
coordinated efforts of USDA’s Food and Nutrition Service, 
Agricultural Marketing Service, and Rural Development, 
the number of farmers’ markets that accept electronic 
nutrition benefits grew by more than 50 percent between 
2010 and 2011. Using limited resources, these agencies 
were able to coordinate to help over 2 million women, 
infants and children and nearly 1 million seniors access 
local food at farmers’ markets nationwide in 2010. 

The KYF Compass and map also make it clear that 
strategic investments can have a big impact, even 
if resources are limited. For example, through the 
Environmental Quality Incentives Program (EQIP), 
USDA’s Natural Resources Conservation Service 
helped fund the construction of over 4,200 high 
tunnels—greenhouse-like structures—on farms 
around the country in 2010 and 2011 at a cost of $13 
million. For many producers, this support has been 

transformational. Yet it is only a tiny portion of the total 
EQIP budget of $1.4 billion for 2012. These kinds of 
investments do double or triple duty to meet other high-
priority goals for the Department. High tunnels extend 
the growing season for producers selling locally, but they 
also help manage nutrient runoff and pest management, 
meeting important conservation goals as well. USDA’s 
emphasis on local food systems has thus allowed the 
Department to achieve specific program goals and a 
wider set of cross-program benefits. 

Both the map and KYF website will continue to be 
refreshed over the coming months to showcase additional 
resources and projects that build jobs, economic 
opportunity, and community across the country.  

WHAT IS A LOCAL AND REGIONAL 
FOOD SYSTEM? 

Defining local foods. What are local and regional 
foods? Local and regional food systems typically 
centralize within a specific region all of the activities 
associated with producing, processing, distributing and 
marketing foods. But there’s a lot more to it than simply 
geography. Local food systems convey information to 
consumers so that they can learn about and feel more 
connected to where their food comes from. In turn, the 
knowledge that they gain allows them to target their 
purchases to support their local economy. 

How one defines “local” or “regional”—which are often 
used interchangeably, and will be for the purposes 
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of this document—can depend on geographic, social, 
governmental, physical, or economic parameters; 
seasonality; or other factors. When a community comes 
together to plan and build a local food system, it generally 
must come to agreement on a definition for the purposes 
of making policy or developing marketing campaigns. 

This portfolio contains case studies and examples from 
communities around the country engaged in building 
local food systems. These examples are perhaps the best 
illustration of the diversity of definitions at work. You 
can see where USDA has supported local food projects 
in your community by visiting the KYF Map. 

The impact of this interest in local food stretches far 
beyond just the producers and businesses engaged in 
local markets. The system’s emphasis on transparency 
and producer-consumer relationships has opened up 
new opportunities for farmers and ranchers of all sizes 
and in all regions, who are finding ways to tell their own 
stories—be it directly, through branding and packaging, 
on the Internet, or through certification—and respond to 
consumer demand. Entrepreneurs are developing new 
tools to connect producers’ identities with the products 
they grow, raise, and process.  You can get involved by 
joining the national conversation about where our food 
comes from.

Local supply chains involve many players. Most 
people think of a farmers’ market or a farm stand—a 
direct farm to consumer sale—when they hear the 
phrase “local food.” But many more players can be 
involved. For example, in Charlottesville, VA, the 
Local Food Hub buys produce from more than 50 
family farms within a 100-mile radius. It sorts and 
stores the produce in its warehouse and then markets 
and distributes it to schools, hospitals, grocers and 

restaurants in the region—including the USDA 
cafeteria in Washington, DC. Other systems may 
involve different local companies that store, process, 
and transport the food. As long as these processes 
happen in the region and convey information along the 
supply chain in a transparent way, it’s still a regional 
food system. 

Local food comes from farms, ranches and 
businesses of all sizes. Another common assumption 
is that the farms and ranches selling into local and 
regional markets are always small or organic. This is not 
the case, although as we’ll see, these markets do offer 
opportunities for smaller producers and for those who 
want to differentiate their products based on special 
attributes. But recent USDA data show that large, 
midsized and small farms are all selling into local and 

regional markets. In fact, sales to local distributors, 
retailers and restaurants are more likely to come from 
large farms.  Direct-to-consumer sales are evenly split 
among the three farm size categories. 

Local markets demand a variety of products.  
Finally, it is commonly assumed that only fresh fruit 
and vegetable growers sell into local and regional 
markets. Tell that to the farmers behind Shepherd’s 
Grain brand wheat, produced by a farming 
cooperative in Washington and Oregon. Participating 
producers grow much of their wheat for export, but 
between 15 and 30 percent of their crop is high-
quality hard red spring wheat that is processed and 
sold regionally, offering the farmers a better return 
and local bakeries a popular product. With support 
from the Sustainable Agriculture Research and 
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Education program, administered by USDA’s National 
Institute of Food and Agriculture, the cooperative was 
able to train its producers in the use of no-till farming to 
preserve the soil and reduce fuel use—and then convey 
that information to its customers.

Now that we’ve discussed what local foods are, let’s look 
at what they have to offer. 

LOCAL AND REGIONAL FOODS: 
AN IMPORTANT COMPONENT OF  
A DIVERSE INDUSTRY

After twenty years of steady and even exponential 
market growth, local and regional foods are more 
than a passing trend. Consumers are expressing an 
interest in knowing where their food comes from and in 
connecting with the men and women who put food on 
our tables. In response, producers are taking advantage 
of the opportunity to reach a new market; local food 
businesses are springing up; buyers in every sector of 
the food system have increased local food purchases; 
and conversations between farmers and consumers are 
taking place every dayx across the country.  

In 2009, USDA responded to this wave of enthusiasm 
by launching the Know Your Farmer, Know Your Food 
initiative (KYF), which brings together employees 
from across USDA’s 17 agencies and many staff offices 
to share information, collaborate on joint projects, 
communicate transparently with the public, and fulfill 
mandates related to local and regional food as effectively 
as possible. With no dedicated funding or fulltime staff, 
KYF has helped USDA better serve America’s rural 
communities by encouraging consumers to learn more 

Very Large: $500,000 or more

Large: $250,000–$499,999

Medium: $50,000–$249,999

Small: $0–$49,999

Number of Farms
(percent)

15%

3% 3%

79%

Local Food Sales
(percent)

56%

10%

23%

11%

FARMS ENGAGED IN AND THE VALUE OF LOCAL FOOD SALES  
BY FARM SALES CLASS, 2008-2009 AVERAGE

Source: USDA, ERS/NASS, 2008 & 2009 Agricultural Resources Management Survey (ARMS)
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“We actually have a waiting 
list for communities that 
would like to start farmers 
markets, as well as area 
schools, restaurants and 
institutions who would 
like to purchase more foods 
from local sources.” 

— Bahia Nightengale, local food coordinator  
with Southwest Iowa Food and Farm Initiative,  

whose initiative has received support  
from USDA’s Rural Development agency.

about where their food comes from and by supporting 
local food producers and businesses. For more 
information on the Know Your Farmer, Know Your Food 
initiative and how it works, click here. 

You may be wondering: Why is there so much enthusiasm 
for local foods? Why does Congress—and in turn USDA—
care about this relatively small market segment?  

Consumers want to understand more about where 
their food comes from. We see this desire in the 
growing number of people seeking out products directly 
from farmers and ranchers at farmers’ markets, farm 
stands and other direct sales outlets. Consumers are 
also purchasing local food at supermarkets, restaurants 
and other “indirect” outlets, including a growing 
number of large, mainstream supermarkets. Together, 
these local food sales were estimated to be close to $5 
billion in 2008. In 2011, every state but one requested 

federal funding for projects related to local food through 
the Specialty Crop Block Grant program. States 
are asking for this support because their residents 
are demanding it. So although the local food market 
segment is still fairly small, it is growing very quickly.

This demand is driven by consumers’ desire to engage, 
discuss and build relationships around many aspects 
of their lives, including food. Thanks to the Internet, 
information about a product’s origins and the people 
involved in getting it from the farm to the table is more 
accessible than ever. Consumers are able to choose 
foods based on specific attributes—how it was produced, 
where it was produced and by whom, how much it 
costs, or how revenues are distributed. Although a 
producer does not need to be selling locally in order 
to communicate these attributes to consumers, local 
and regional food systems play a lead role in building 

Claudia Crow, a farmer from Shawnee, 
OK, assists a customer during the 
Pottowatomie County Famers Market 
Five-Year Anniversary.
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“We see ourselves, first and 
foremost, as agricultural 
ambassadors…. [Our branding as 

‘Kentucky Proud’] makes us who 
we are. We have so much support 
from our community that it is 
crazy to see how far we’ve come.”

—Carl Chaney, Chaney’s Dairy Barn,  
Bowling Green, KY; recipient of a farm  

loan from USDA’s Farm Service Agency

awareness about agriculture and transmit knowledge to 
consumers. For example, in Farm to School programs, 
local farmers supply food to schools and often engage 
in educational activities with students. Does the fact 
that elementary school students know the name of the 
farmer growing their salad bar lettuce influence the 
choices they make in the cafeteria? Does it help them to 
appreciate the work that went into growing it? From the 
experience of schools around the country, the answers 
appear to be yes. 

These relationships are critical for a generation with 
no living memory of a time when much of America was 
involved in agriculture. In the early 1900s, 40 percent 
of our population lived on farms; today, 1 percent does. 
Many Americans learn about farming for the first 
time when they meet a local farmer or read about their 
products and production methods in a store. In this way, 
local and regional food economies help non-farming 
Americans reconnect with all of agriculture.

Growing consumer demand for local food means 
new jobs. The opportunity presented by new consumer 
demand and the infrastructure required to meet that 
demand translates into new farm jobs managing, 
producing, processing and marketing food. A 2011 
USDA study finds that produce growers selling into 
local and regional markets generate thirteen full time 
operator jobs per $1 million in revenue earned, for a 
total of 61,000 jobs in 2008. Additional farm labor is 
not included in this figure. In contrast, farms that do 
not sell into these markets generate only three full time 
operator jobs per $1 million in revenue. There may 
be many reasons for the difference beyond farm size; 
farms selling locally may grow a wider variety of crops 
or be packing or processing on the farm, requiring more 
management time. (Learn more here.)

In addition to creating new jobs in food production, 
a strong local food system drives growth in related 
businesses: equipment manufacturers, processors, cold 

Connecticut’s AGvocate Program 
promotes local farmers by inviting the 
public to area events and demonstrations. 
One event allowed residents to ride a 
wagon through a dairy barn to learn 
how milk is produced and how they can 
support local dairy farmers.
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storage facilities, food hubs, transportation networks 
and retailers. And community planning efforts to 
develop local food markets can pull together not just 
producers and food businesses, but also land use groups, 
economic development and food policy councils, food 
access advocates, local schools, and residents interested 
in improving quality of life in the community.  

These opportunities come at a critical time for America’s 
rural economy. Midsized farms, which can supply large 
volumes of food while maintaining a diverse product mix, 
are disappearing. Between 1992 and 2007, the number 
of midsized farms in the U.S. fell by over 100,000, or 21 
percent. This shift has transformed the rural landscape 
and impacted related farm businesses. Demand from 
institutions, local distributors and local grocery stores 
provides an opportunity to keep midsized farmers on 
their land and rural communities thriving. For that 
reason, USDA supports local and regional markets as an 
important component of its broader agenda to boost job 
growth in agriculture and support rural economies. 

With new markets come new farmers. Another 
challenge facing U.S. agriculture is the aging farm 
population. For every farm operator under the age of 35, 
the U.S. has six farm operators over 65, many of whom 
are on the verge of retirement. To meet our current 
and future needs, Agriculture Secretary Vilsack called 
on federal, state and local governments to support the 
development of 100,000 new farmers and ranchers  
by 2012.

Because of the capital required to start farming, many 
new farmers start small and begin by selling into local 
and regional markets. Some will want to stay there; 
others will use it as a jumping-off point to expand into 
national or even international sales.

 VISIT BARRETT FRUIT IN WASHINGTON STATE TO SEE HOW THEY 
SHIFTED FROM WHOLESALING TO DIRECT MARKETING, AND LEARN 
HOW TO SET UP YOUR OWN DIRECT MARKETING BUSINESS.

Click here to watch the video
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Local markets mean opportunities for 
disadvantaged farmers. Farmers from socially-
disadvantaged groups—including minority, women and 
Native American farmers—may also lack the capital to 
access large markets because of a multitude of factors. 
For these producers and businesses, local food demand 
presents an opportunity to stay on the land and build 
capital and financial security. Local foods play other 
important roles as well. For many farmers in Indian 
Country, self-sufficiency through the utilization of local 
food resources is a longstanding cultural tradition. 
And for immigrants and refugees, farming can be an 
important way to make a new home in this country, 
contributing to their new community and maintaining 
cultural ties to the places they have come from by 
producing and consuming their traditional foods.

Local food systems strengthen rural economies. 
Some research suggests that communities benefit 
economically when production, jobs and sales are 
retained locally. A 2010 study by USDA’s Economic 
Research Service looks at producers selling several 
products locally: spring salad mix, blueberries, milk, 
beef and apples. It then compares the performance of 
these marketing efforts to that of mainstream supply 
chains, where producers sell to wholesalers whose 
products are not necessarily then sold locally. The study 
finds that compared to their mainstream counterparts, 
revenue per unit for producers selling locally ranges 
from 50 percent greater for apples to 649 percent 
greater for salad mix. The study also finds that “[i]n all 
five cases, nearly all of the wage and proprietor income 
earned in the [local] market chains is retained in the 
local economy.” 

Agriculture Secretary Tom Vilsack 
chopping peppers at DC Central Kitchen 
in Washington, DC
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CASE STUDY

The state of Iowa is already an agricultural powerhouse, but 
new local food efforts are making it even more so. Here are 

1
three examples: 

In northeast Iowa, local farmers, agri-business owners, 
community development specialists and consumers 

first gathered in 2007 to discuss how they could build a 
healthier and more economically vibrant community. They 
established the Northeast Iowa Food and Fitness Initiative, 
which quickly expanded to six counties with more than 100 
producer members and 50 others working together. 

Thanks to their efforts, sales of local food by farmers in 
northeast Iowa rose from less than $10,000 in 2006 to over 
$2 million by 2010. The groups estimate that the increase 
has brought 26 new jobs to the region as workers are 
hired to farm, process products, manage farm marketing, 
and do other tasks. By 2010, 21 farms were selling to 
local schools and 11 new farms had begun selling into 
the regional market. The group applied for and received 
a Rural Business Enterprise Grant from USDA Rural 
Development in 2011, providing resources to expand  

2
this work.

Statewide, the Iowa Department of Agriculture and 
Land Stewardship (IDALS) reported 228 farmers’ 

markets across the state in 2010, an increase of more 
than 40 from two years earlier. An estimated 99,000 Iowa 
consumers and 1,500 producers participate in the markets. 
IDALS research shows that an estimated $59.4 million 
in direct and indirect sales, an additional $12.2 million 
in personal income, 374 direct jobs and more than 200 

indirect jobs had been created as a result of the activities 

3 
of farmers’ markets in Iowa.

Demand for local food in Iowa still outpaces 
production. “We actually have a waiting list for 

communities that would like to start farmers’ markets, 
as well as area schools, restaurants and institutions that 
would like to purchase more foods from local sources,” 
says Bahia Nightengale, local food coordinator for the 
Southwest Iowa Food and Farm Initiative. A recent study 
from Iowa State University showed that 10 southwest 
Iowa counties could generate $2.67 million in wages, an 
equivalent to 45 additional jobs, by increasing fruit and 
vegetable production to meet local demand during the 
Iowa growing season. 

 “USDA Rural Development is very interested in supporting 
the exciting local foods initiatives that are surfacing across 
Iowa using our loan and grant programs,” says Bill Menner, 
Rural Development’s State Director in Iowa. “People want 
to know where their food is coming from and are requesting 
locally grown foods.  They also recognize the importance of 
supporting local producers and local economies.”

1In Iowa, Local Food Systems Mean Economic Development

In Northeast Iowa, Farmer Vince 
Spain shows students the seeds 
he uses to grow produce for their 
cafeteria. Farm-to-school programs 
can increase healthy food access  
while teaching young people  
about agriculture.
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Although additional research on the economic benefits 
of local foods is needed, several studies conducted by 
universities or private entities flesh out the findings 
of the ERS study. A recent Georgia study finds that the 
state could generate $2 million in sales revenue if each 
resident put just $10 of their weekly food budget toward 
meat and milk from Georgia producers. A 2010 study in 
16 counties in Northeastern Ohio models what would 
happen if Ohio farmers met 25 percent of local demand 
with local production. It finds that 27,664 new jobs 
would be created, providing work to about one in eight 
unemployed residents, and annual regional sales would 
rise by $4.2 billion.  

Local food systems help preserve farmland 
and open space. Sprawl has swallowed up some 
of America’s best farmland. Approximately 40% of 

“We were working hard 
to protect the region’s 
farmland but realized that 
without a new generation 
of farmers and stronger 
local food systems, there 
would be no one to work the 
land, protected or not.”

—Noelle Ferdon,  
Director of Local Food Systems,  

Northern California Regional Land Trust

producers are now located in “metro” counties. Their 
proximity to urban markets brings development 
pressure, but it also creates opportunities to sell to 
the nearby population center. Business planning, 
infrastructure investment and farmland protection 
programs can all help producers connect to local 
markets—and a strong connection to the local market 
is key to ensuring that farms on the urban fringe stay 
economically viable and the land stays in farming.

Local food systems help boost healthy food access.  
50 million Americans—most of them children or the 
elderly—are food insecure. Nearly 25 million live 
more than one mile from a supermarket, a distance 
that is particularly hard for the elderly or residents 
without cars to travel carrying groceries.  In some 
rural areas, the nearest market can be an hour’s drive 

A mobile market delivers fresh produce to 
residents of Spartanburg County, South Carolina

15 | KNOW YOUR FARMER, KNOW YOUR FOOD COMPASS
2014 Current Issue Study Packet pg 344

http://www.caes.uga.edu/center/caed/pubs/2010/documents/CR-10-07.pdf
http://www.neofoodweb.org/sites/default/files/resources/the25shift-foodlocalizationintheNEOregion.pdf
http://www.ers.usda.gov/Publications/AP/AP036/


“We asked people how far they were driving for 
fresh produce. In some cases the answer was 45 
minutes each way. Our goal became clear:  grow 
fresh produce locally and get it to the people…” 

—Rev. Stephanie Ahlschwede, United Methodist Ministries, Omaha, Nebraska

or longer. Farmers’ markets, mobile grocers and other 
unconventional retail outlets stocked with local food 
can help address food access challenges in areas not 
being reached by the traditional system. 

And for schoolchildren, university students, hospital 
workers and patients, farm to institution initiatives can 
help build a foundation for healthy eating in the future 
by increasing access to healthy foods and providing 
opportunities for nutrition or agricultural education. 

A complement to international and national 
food systems. Any smart investor knows that there 
is security in a diversified portfolio. The strength of 
America’s agricultural industry is in its diversity—in 
the range of products, supply chains and markets that 
our producers serve. The local, regional, national and 
international systems each have unique strengths 
and thrive under different conditions. Producing food 
for local and regional markets will not be successful 
everywhere, just as there are places where it’s 
impractical to produce agricultural products in bulk for 
sale on the global market. 

But in many places, market demand and good conditions 
create a ripe opportunity to expand local and regional 
food production. USDA is committed to helping our 
farmers and ranchers take advantage of these important 
market opportunities. The face of that commitment is 
the Know Your Farmer, Know Your Food initiative. 
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General — 6 

AGROFORESTRY NOTES National 
Agroforestry
Center 

AF Note — 32 August 2006 

Agroforestry: Sustaining Native Bee Habitat For
 

Introduction 

Agroforestry 
connection 

Crop Pollination 

Over one hundred crop species in North America require a visit from 
an insect pollinator to be most productive. In the past, native bees and 
feral honey bees could meet the pollination needs of small orchards, 
tomato and pumpkin fields, and berry patches, because these farms 
were typically adjacent to areas of habitat that harbored important 
pollinators. Today, many farms are large and, at the same time, have 
less nearby habitat to support native pollinators. To ensure adequate 
pollination services, producers now rely on European honey bees. 
Research, however, shows that native bees can be important pollina-
tors in agricultural fields as long as enough habitat is available. 

Whether growing a hedgerow or windbreak, managing a riparian 
buffer, or farming near forests, agroforestry practices can increase 
the overall diversity of plants and physical structure in a landscape 
and, as a result, provide habitat for native pollinators. This is espe-
cially true if consideration is given to the specific habitat needs of 
bees when designing an agroforestry project. For example, a wide 
variety of flowering trees and shrubs can be incorporated into a 
hedgerow, or a diverse understory of insect-pollinated plants can be 
used to augment a riparian buffer. Planting specific trees for timber 
can also provide habitat for pollinators; black locust and maple, for 
example, supply abundant flowers and are excellent hardwoods that 

Windbreaks reduce wind speed and provide more favorable conditions 
for bee activity, which can increase crop pollination and yield. USDA 
National Agroforestry Center file photo. 

• Alfalfa seeds 

• Almonds 

• Apples 

• Avocados 

• Blueberries 

• Canola 

• Cherries 

• Chokecherries 

• Cranberries 

• Cucumbers 

• Grapefruit 

• Macadamia nuts 

• Pears 

• Plums 

• Prunes 

• Pumpkins 

• Soybeans (hybrid 
seed production) 

• Squash 

• Sunflower seeds 

• Tomatoes 

• Vegetable seeds 

• Watermelons 

Crops 
pollinated by 
native bees 
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The dirt on 
native bees 

Habitat needs of 
native bees 

can at some time be harvested. Another simple way to provide pollinator habitat is to leave snags 
(standing dead trees or branches) since many important native bee species nest in a snag’s old beetle 
tunnels. 

Agroforestry plantings have indirect benefits for crop pollination as well. For example, agroforestry 
practices help reduce winds, making it easier for pollinators to fly and visit flowers. Less wind cre-
ates slightly elevated temperatures around plantings, which increases the time that pollinators can be 
active. Finally, research shows that windbreaks and other linear plantings can serve as buffers to 
drifting pesticides, which helps protect pollinators from chemicals used in adjacent fields. 

European honey bees and native bees are the most important pollinators of insect-pollinated crops in 
the United States. Bees are superior – and frequently the only – crop pollinators because they transport 
pollen and typically visit flowers from a single plant species during each foraging trip, which ensures 
that the correct pollen is transferred from plant to plant. Bees also forage out from a central nest and 
therefore stay in the area around a crop when their nests are close at hand. These behaviors set bees 
apart from butterflies and other pollinators, which tend to drift across the landscape visiting a variety of 
flower species to gather nectar. 

This Agroforestry Note pertains to all bees, but emphasis is on providing habitat for native species, not 
the European honey bee. Given the demise of many managed honey bee colonies – from disease, para-
sitic mites, and Africanized bees – it is important to diversify the pollinators upon which many growers 
rely. Hundreds of species of native bees are available for crop pollination. These unmanaged bees pro-
vide a free and valuable service. Some native bee species, like mason and bumble bees, are active 
when conditions are too cold and wet for honey bees. In addition, native bees collectively are more 
versatile than honey bees. For example, some native species are able to buzz-pollinate flowers, which 
honey bees cannot do; this vibration releases pollen from deep inside the anthers of certain flowers. 
Plants, such as tomatoes, cranberries, and blueberries, produce larger and more abundant fruit when 
buzz pollinated. Finally, in some situations, like hybrid seed production, native bees may improve the 
efficiency of foraging honey bees by causing honey bees to move between rows of cultivars. 

Crop-pollinating native bees have three basic 
habitat needs: 

• First, they must have access to a diversity of 
plants with overlapping blooming times so that 
flowers are available to forage from early in the 
spring until late in the fall. And, because native 
bees come in a range of sizes, it is important to 
provide flowers of various sizes, shapes, and 
colors, in order to support a diverse 
community of bees. 

• Second, they need places to nest. Most native 
bees are solitary, and none build the wax or 
paper structures we associate with honey bees 
or wasps. Most bees nest in small warrens of 
tunnels and cells they construct underground. 
Others nest in narrow tunnels often left behind 
by beetle larvae in dead trees, and a few use the 
soft pith in some plants. Bumble bees – the 
most familiar social bee group native to the 
United States – require small cavities, either in 
tree boles, underground, or under clumps of 
fallen grass. Often, they move into old rodent 
burrows. Whether underground or in snags, 
most solitary bees spend most of the year 

Solitary ground-nesting native bees spend most 
of the year growing through the egg, larval, and 
pupal stages while hidden in their nest cells 
underground. Illustration courtesy Sarina 
Jepsen. 
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Three-step 
approach to 
enhancing 
habitat for 
native bees 

maturing in their nest (brood) cells. In these cells, they are vulnerable to mechanical nest distur-
bances such as deep soil tillage or tree removal. Bumble bees are different. Because their nests 
are started anew each spring by overwintering queens, bumble bees need both cavities to raise 
their young as well as undisturbed duff for queens to burrow and hibernate through the winter. 

• Finally, bees need protection from most pesticides. Insecticides are primarily broad-spectrum 
and are therefore deadly to bees. Furthermore, indiscriminate herbicide use can remove many 
of the flowers that bees need for food. 

Know what exists 
Many agroforestry practices naturally provide habitat for bees. For example, riparian forest 
buffers, hedgerows, and windbreaks probably already include bee-pollinated plants, stable 
untilled areas for ground nests, snags and pithy stems for tunnel-nesting solitary bees, and cover 
for bumble bee colonies. Understory plantings, like those found in forest farming or silvopasture, 
also may provide forage or stable ground with patchy bare areas. Certain trees – such as black 
locust, maple, black cherry, horse chestnut, yellow (tulip) poplar, persimmon, and basswood – 
incorporated into any agroforestry practice can be fantastic sources of pollen and nectar, as well 
as produce a harvestable wood product. 

Also, keep in mind that other places – outside of those areas 
in agroforestry – may be providing these same habitat needs 

Most native bees are for crop pollinators. These areas might include fallow fields;
 
natural areas; gardens; edges of ponds, ditches, fields, and unlikely to sting.
 
roads; and temporary bee pastures (e.g., where inexpensive Yellowjackets and
 
seed – like alfalfa, canola, or clover – has been planted wasps are not bees,
 
specifically for bees or wildlife). 
 nor are they significant 

crop pollinators. They Observing pollinators and their habitat on a farm can be 
instructive. Try to identify plants that support the most bees. are, however, fantastic 
Observe flowers during sunny times of the day and watch for predators of soft-
bumble bees and other insects. Also, look for bumble bee bodied insect pests. 
nests or in-ground nests of solitary bees. To find these sites, 
search for holes in the ground or bees flying low as if looking 
for something besides flowers. 

Protect 
Once you know where bees are living and foraging, try to protect these resources from damaging 
disturbance and pesticides. For example, avoid tilling the surface during bloom and only till deeply 
when it is absolutely necessary; never apply insecticides to plants in flower; consider establishing a 
fifty-foot perimeter buffer of unsprayed crop area; apply herbicides in the most targeted way possi-
ble (e.g., spot spraying), and leave snags whenever they do not pose a hazard. 

Enhance 
To enhance habitat for native bee communities, increase the diversity and abundance of flowering 
plants growing on a site and add nesting habitat. Consider pollinator needs when choosing trees 
for windbreaks, riparian forest buffers, silvopasture, forest farming, or alley cropping operations. 
Other options include overseeding silvopasture with legumes or other flowering plants, or adding 
berry-producing shrubs to riparian forest buffers, windbreaks or hedgerows. Enhancing any agro-
forestry practice by erecting bee blocks, or removing vegetation from small patches of sunny, 
south-facing, well-drained soil will increase the likelihood of bees. 

These techniques will help increase the diversity and abundance of crop pollinators, and will likely help 
crop pollination. One or more of these techniques can be incorporated easily into many existing agro-
forestry practices. They also provide habitat for wildlife and other beneficial insects, such as predators 
and parasites of pests. Finally, enhancing pollinator habitat is an opportunity to educate landowners and 
community residents about the value of this habitat for the ecosystem and for the bottom line. 

Conclusion 

3
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Additional 
information 

AF Note – 33: “Improving Forage For Native Bee Crop Pollinators,” Vaughan, Mace and Black, 
Scott Hoffman, 2006. USDA National Agroforestry Center. 

AF Note – 34: “Enhancing Nest Sites For Native Bee Crop Pollinators,” Vaughan, Mace and Black, 
Scott Hoffman, 2006. USDA National Agroforestry Center. 

AF Note – 35: “Pesticide Considerations For Native Bees In Agroforestry,” Vaughan, Mace and 
Black, Scott Hoffman, 2006. USDA National Agroforestry Center. 

“Farming for Bees: Guidelines for Providing Native Bee Habitat on Farms,” Vaughan, M., M. 
Shepherd, C. Kremen, and S. Black. 2004. Xerces Society. 34 pp. 
www.xerces.org/Pollinator_Insect_Conservation/Farm_Pollinator_Guidelines.pdf 

NRCS Pollinator Technical Note. 
ftp://ftp-fc.sc.egov.usda.gov/NHQ/ecs/Wild/NativePolinators.pdf 

Xerces Society Pollinator Program, www.xerces.org/Pollinator_Insect_Conservation/ 
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opportunities in agriculture

Photos (clockwise) Pasturing cows, harvesting wind: two big energy savers. –Troy Bishopp  

Maine canola grown for biofuel. – Peter Sexton Fuel from the farm ready at the pump. – DOE-NREL

Clean Energy Farming: Cutting Costs,  
Improving Efficiencies, Harnessing Renewables

Missouri fArMer DAn West founD A solution for the 

waste fruit that remained after harvest: he distills it 

into clean-burning, high-octane fuel to power his farm 

equipment. new Mexico farmer Don Bustos uses 

recycled solar panels to heat a new greenhouse, extend-

ing his season and nearly eliminating sky-high fossil 

fuel bills that were threatening his family’s 400-year-

old farm. With high-efficiency irrigation, rancher 

rick Kellison avoids expensive and energy-intensive 

pumping from texas’ ever-lowering ogallala Aquifer. 

Across the country, as energy prices climb, farm-

ers and ranchers are turning more and more to clean 

energy practices. from energy-saving light bulbs to 

solar panels to fuel grown and processed on the farm, 

farmers are making their operations more profitable, 

efficient and cleaner. in the process, they are helping 

the nation. Generating renewable energy and using fos-

sil fuels more efficiently reduces dependence on foreign 

oil, providing greater local and national energy security. 

it also curbs global warming pollution and offers new 

economic opportunities for communities. in short, 

clean energy practices are quickly becoming core to the 

operations of farmers and ranchers across America.

Clean Energy Farming explores this emerging trend 

in agriculture and explains how farmers can:

3  improve energy efficiency while saving money;

3  implement farming practices that both save energy 

and protect natural resources; and

3  produce and use renewable energy.

for example, Bustos’ solar-heated greenhouse can 

eliminate most fossil fuel costs. energy audits, such  

as those recently performed on 25 farms on Maryland’s 

eastern shore, revealed potential total savings of almost 

$115,000 annually for the participating farmers.

While energy efficiency measures are generally 

the fastest and cheapest way to reduce energy-related 

costs, many farmers are now turning to their land and 

operations to generate renewable energy. 

recently, much national attention has focused on 

corn ethanol. Yet other renewable types of energy, 

such as solar, wind and fuels from animal waste or 

other energy crops, also offer many opportunities to 
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Lavinia McKinney of  

elixir Farm in Brixey, Mo., 

installed solar panels  

to provide power for the  

main garden house. 

she fills her tractor’s 

modified fuel tank with 

filtered vegetable oil, 

an alternative to petro-

diesel. 

– Photo by Daniel Roth

opposite page 

Leo Busciglio uses a wind 

turbine and an energy 

efficient greenhouse  

to save energy on his  

new York farm.  

– Photo by Jennifer May

Farmers and ranchers have a key role to play in creating an energy future for the nation 

that is profitable, a force for excellent land and water stewardship, and provides communities  

with new economic opportunities. But where to begin?
3	 	start simply and carefully: Conduct an energy audit and consider implementing  

efficiency measures such as energy-efficient light bulbs, machinery upgrades and  

green building design.
3	 	determine your fuel use and demands, and look for ways to cut back.
3	 	Consider farming practices that conserve and build soil, save water and curb the  

release of greenhouse gases.
3	 	assess your natural energy resources: do you have wind? sun? suitable land for  

biomass? adequate manure reserves for biogas production?
3	 take stock of your financial resources: Can you comfortably experiment?
3	 	talk to others about their clean energy practices.
3	 	see “getting started” (p. 20) for more information.

First stePs on the CLean energY Path

2      www.sare.org

Cut Costs and Energy Use Through Efficiency
part 1

fifteen percent of AGriculturAl proDuction costs Are 

energy related, according to the u.s. Department of 

Agriculture (usDA) – and as energy prices rise, these 

costs claim an ever-bigger portion of farm budgets. the 

quickest, cheapest and cleanest way to lower these costs, 

as well as cut non-renewable energy consumption, is by 

improving energy efficiency.

Upgrade Machinery and eqUipMent

siMple proceDures, such As KeepinG trActor tires

properly inflated and engines tuned, can go a long way 

toward saving fuel. clogged air and fuel filters and  

injectors burn more fuel, as do motors or engines with 

rusty or corroded parts, worn bearings, loose belt drives 

and clogged condenser coils. Dirty fans can be up to 40 

percent less efficient.

replacing incandescent bulbs with fluorescents not 

only reduces energy use, but saves farmers money far 

beyond the original investment. An energy audit on a 

Maryland poultry farm, for example, found that switch-

ing the farm’s 40- and 60-watt incandescent light bulbs 

to five-watt cold cathode fluorescent bulbs required  

an initial outlay of $2,168, but would save the farmer  

$2,658 per year in energy costs. Given the bulbs’ 5–8 

reduce fuel costs and increase energy self-sufficiency 

on the farm. As an added bonus, these energy sources 

can generate extra income through sales of surplus 

and offer a more sustainable alternative to energy- 

intensive corn.

As with all agricultural practices, renewable energy 

production will vary widely by region. for example, a 

wide variety of oilseed crops for biodiesel show excel-

lent promise in the pacific northwest and northeastern 

states, while switchgrass, a high-yielding and relatively 

easy-to-grow crop, and potential fuel feedstock, appears 

very well suited to the south and Midwest. As the clean 

energy industry grows, farmers will be able to tap into 

their local resources – soil, wind and water – to find the 

best energy sources for their area. it’s safe to say that it is 

no longer a question of if or when, but how this country 

will transition to cleaner energy sources. Clean Energy 

Farming highlights research and examples of farmers 

and ranchers who are successfully transitioning toward 

energy systems that are profitable, demonstrate good 

stewardship of America’s land and water, and benefit 

their operations and communities. 

For resources on clean energy Farming, see getting started (p. 20). For deFinitions, see glossary (p. 19).

2014 Current Issue Study Packet pg 351



www.sare.org      3

year life span, this farmer can expect total savings of 

$11,000-$18,000.

Modifying irrigation systems can also reduce energy 

and costs. According to the natural resources conserva-

tion service (nrcs), in certain areas of the united states, 

switching from high- to low-pressure sprinkler systems 

can save about $55 and 770 kWh per acre annually. in 

areas where ground and surface water is diminishing, 

efficient irrigation tools such as drip, trickle and lower-

flow sprinkler systems save energy, water and money.

Dairy farms’ heavy reliance on electricity – mostly for 

collecting and cooling milk, heating water and lighting – 

provides many energy conservation opportunities. the 

Massachusetts-based center for ecological technology 

(cet), which received a sAre grant to implement energy 

conservation measures, conducted an audit for dairy 

farmer randy Jordan, showing him how much he could 

save with a variable speed drive. Variable speed drives use 

sensors to adjust pump capacity to demand, thus dou-

bling efficiency and lowering expenses 50–80 percent. 

they cost from $1,800 for a five-horsepower (3.7 kW) 

unit to $7,400 for a 30-horsepower (22.4 kW) unit. But 

the significant energy savings for Jordan – as much as 

$4,750 per year – allow for a quick payback, from six 

months to four years. 

plate coolers – simple heat exchangers that take the 

heat from warm milk and transfer it to cold well- or  

pipe-water – are also excellent energy savers. According 

to florida cooperative extension, plate coolers can  

save a 500-cow dairy farm as much as $2,000 per year  

in electricity costs or $750 in propane costs. 

design efficient BUildings

efficient BuilDinGs sAVe MoneY AnD iMproVe coMfort 

while reducing energy consumption. properly sited 

windows light the inside of a building while operable 

windows and skylights can enhance ventilation and 

cooling, especially in regions with large nighttime 

temperature differentials. 

proper insulation also reduces heating and cooling 

expenses by protecting buildings against extreme  

temperatures. in an old dairy barn converted to a winter  

farrowing house, sAre grant recipient Gary laydon  

of plainfield, iowa, insulated the small room where 

he keeps 35 pigs. indoor winter temperatures rose by  

20 degrees. 

Greenhouses do their job most successfully using 

efficient designs and siting. in the Missouri ozarks, 

sAre grant recipient nicola Macpherson wanted to 

take advantage of the busy fall market for her shi-

take mushrooms without using more fossil fuel than 

necessary. so she built a 96-by-36-foot greenhouse 

“in-ground” to a depth of 3–4 feet in order to use the 

earth’s natural moderating properties against tem-

perature extremes. she didn’t stop there. Macpherson 

heats the greenhouse by burning spent shitake logs in a 

clean-burning wood furnace that pumps fluid into tubes 

beneath a slab radiant-heated floor. A trench down the 

floor’s middle drains misting and irrigation water for the 

moisture-sensitive fungi and allows better side-to-side 

control of the heat. the wood furnace is so efficient that 

Macpherson has only needed the back-up propane water 

heater a handful of times.  

steven schwen of Minnesota elevated efficient green-

house design to an art form. he sited glazed windows 

to the south, and insulated the north side by building 

it against a small hill. he then harnessed the sun with 

a “thermal-banking” floor, which stores heat generated 

by the sun during the day to be released during the cold 

nights. he also installed a solar-powered variable speed 

fan, which helps blow hot air under the soil, heating it 

to germination-friendly temperatures. schwen has been 

able to maintain steady temperatures to grow frost-tolerant 

crops, such as salad mix, braising greens and herbs. (see 

sAre’s video series on steven schwen at www.sare.org/

schwen).

“in february, even if it’s below zero, the greenhouse 

is in the mid-20s and the ground inside doesn’t freeze,” 

said schwen. “later in the month, when it’s ten degrees 

outside, we can take advantage of the sunny days and 

Various studies 

estimate that 7–10 

units of fossil fuel 

energy are needed 

to produce one 

unit of food energy. 

Approximately one-

third of energy used 

in U.S. agriculture 

goes to produce 

commercial fertilizer 

and pesticides, the 

most energy-intensive 

of all farm inputs.
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maintain a temperature differential of 40 degrees 

between the inside and outside.”

Although schwen only grows frost-tolerant crops in 

the winter, he occasionally uses a wood stove for back- 

up heat. he also plans to install a wood-fired boiler to 

pipe hot water through radiant floor heating so he can 

grow less hardy winter crops. Although the greenhouse 

is entirely off the grid, schwen plans to eventually 

install more solar panels and a wind turbine to avoid 

purchasing fuel or electricity for the rest of the farm.

like schwen, leonardo Busciglio of Bearsville, 

n.Y., wanted the energy captured by the sun to do 

double duty. he took a tanker trailer and sliced it 

longitudinally in half to form a huge 4,000-gallon 

trough (note: Many types of tanker trailers, such as 

fuel and chemical, are not suitable for reuse). the 

tank, which must be big enough to keep the water 

from freezing, absorbs heat during the day and 

releases it back into the greenhouse at night. he also 

uses the tank to raise trout and tilapia. Busciglio 

discovered yet another benefit from the water tank: 

the ever-present humidity means his salad greens and 

watercress no longer need misting.

Busciglio, who used a sAre grant to add both solar 

and wind to his operation, operates a wood furnace 

about an hour per day during the coldest days to keep 

the water temperature optimal for the fish and, when 

necessary, to maintain temperatures in the greenhouse. 

he runs the fish waste through a bio-filter, which kills 

the algae, and then recycles the filtered water as plant 

fertilizer. “in the winter before i installed the water tank, 

i couldn’t grow enough to afford the propane to heat the 

greenhouse, but now it’s profitable,” said Busciglio.

redUce “food Miles” 
AccorDinG to A stuDY Done BY ioWA’s leopolD center for 

sustainable Agriculture, food travels, on average, 1,500 

miles before reaching the plates of Midwesterners. in 

the same study, researchers found that food trucked into 

iowa used an average of four times more fuel and five 

times more co2 than a locally supplied and marketed 

system. community supported agriculture (csA), direct 

marketing, farmers markets and on-farm sales are just 

some of the many time-tested methods that can cut 

energy-intensive “food miles” drastically, while also 

providing marketing advantages for growers and benefits 

to the community. 

3  Community supported agriculture (CSA): in a 

csA, members of a community invest in a local 

farm operation by paying up front for a share of the 

harvest. csAs have been growing steadily since the 

1980s, providing members with an increasing variety 

of products.

3  Direct marketing to local restaurants and institutions: 

More and more farmers are tapping into burgeoning 

consumer interest in locally grown food by marketing 

directly to restaurants. in Arkansas, a sAre grant  

helped establish a network of farmers and chefs,  

4      www.sare.org

energY audits: a vaLuaBLe tooL

Energy audits are a vastly underused tool that 

can help farmers save energy and money. such 

an audit typically analyzes equipment and 

processes such as lighting, ventilation, power 

units, drives, compressors, insulation and heat 

exchange, and then provides recommendations 

for saving energy. the Center for Ecological 

technology (CEt) in Massachusetts used sarE 

funds to conduct energy audits on 22 farms 

across the state, helping each grower save 

from $350–$900 per year in lighting costs alone. 

Fifteen of the audited farms installed energy 

improvements that had a 1- to 2-year payback. 

a number of Maryland state and local  

agencies launched the Maryland Farm Energy 

audit Program to audit 25 poultry, dairy,  

beef and mixed-crop farms on the state’s  

Eastern shore. Working with the vermont-

based energy audit company Ensave, the  

audits uncovered potential aggregate savings 

of more than 470,000 kWh of electricity  

and 46,000 gallons of propane, which could 

save a total of $115,000 per year for the 

growers.

the audit’s recommendations for the  

poultry farms also revealed that energy- 

saving methods — such as insulation to seal 

air leaks or radiant tube heaters to provide 

more efficient heating — can provide potential 

annual production benefits worth $319,800. 

these methods decrease costly animal  

mortality by increasing comfort. 

– Photo by Don Bustos 
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resulting in a weekly listing of available products for 

chefs and restaurants. selling to local institutions 

is another increasingly popular option. st. Andrews 

high school in Delaware tries to purchase all of the 

school’s pork products, honey and many of its fruits  

and vegetables from within a 100-mile radius. 

3  Farmers markets: since 1994, the number of u.s. 

farmers markets has more than quadrupled to about 

7,800, reflecting an enormous demand for farm- 

fresh produce. Most farmers markets offer a  

reliable, flexible outlet where vendors can sell  

a wide range of fresh produce, plants, honey,  

value-added products like jams or breads, and  

even (depending on local health regulations)  

meats, eggs and cheeses.

3  On-farm sales: “u-pick” farms, or on-farm stalls  

and shops, bring local customers to the farm.  

this has an added advantage: farmers can raise  

consumers’ awareness of how the food is produced 

and promote its quality. 

www.sare.org      5

Western region profile

don Bustos: saved BY the sun

new Mexico grower 

don Bustos uses a 

solar-heated 

greenhouse, 

allowing him to 

farm year round. 
–  Photo by Victor Espinoza, 

New Mexico State University 

Perched at the edge of the sonoran desert, 

don Bustos’ family farm has always been 

endowed with ample sunshine and daylight. 

however, the new Mexico grower had long 

been bedeviled by cool temperatures that 

limit the growing season to 4–5 months. 

With rising costs hampering his ability to 

support his family in the off-season, Bustos 

decided to tap nature’s own unlimited and 

free energy source: the sun.

heating a greenhouse with solar power 

was a logical choice for Bustos, who incor-

porates principles of sustainability through-

out his three and a half acres of certified 

organic land in the small town of santa Cruz. 

“i wanted to be more light on the earth 

and use energy more consciously,” said 

Bustos, who farms more than 72 varieties of 

horticultural crops, including blackberries, 

raspberries, strawberries, tomatoes, squash, 

peppers and braising greens. 

Bustos also had a powerful economic  

incentive: one winter, he received a $700 

gas bill for one month’s heat for the green-

house. after researching solar options,  

Bustos eventually decided to install a 

root-zone thermal heating system, partially 

funded by a sarE grant.

to minimize costs, Bustos picked up  

recycled solar collectors from a building 

demolition site. the panels sit 12 feet from 

the greenhouse, facing due south, and at 

a 45-degree angle to maximize exposure 

to the winter sun. the panels are able to 

generate enough heat to raise a glycol/wa-

ter mix to approximately 200 degrees. this 

heating fluid runs through a closed-loop 

system of copper tubing to an underground 

tank just a few feet away from the panels. 

the tubing is buried to a depth of seven 

feet to take advantage of the earth’s natural 

insulating properties. a heat exchanger 

raises the tank’s water temperature to 180 

degrees. the water then flows through the 

plastic tubes under the greenhouse’s beds, 

raising root-zone soil temperatures to a 

comfortable 48–52 degrees. 

the first season was extremely success-

ful, cutting annual heating costs from $2,000 

to zero, and increasing yields 30–40 percent 

above that from the standard cold frame. 

the only ongoing cost related to the solar 

heating system is a $5 monthly electricity 

charge for the two pumps that circulate the 

heated water from the underground tank 

through the greenhouse. 

thanks to the solar-heated system,  

Bustos now can produce a steady supply  

of salad greens, arugula, swiss chard, kale, 

carrots and radishes from october to 

March, even when outside temperatures 

drop below freezing. during the most frigid 

nights, Bustos blankets the beds with sheets 

of polyester, creating heat-retaining igloos. 

the system even works in reverse: When the 

soil is too hot during summer, Bustos runs 

the pumps to circulate water, now cooled 

by the geothermal properties of under-

ground storage. 

Bustos has a solid, local market for his 

winter crop thanks to a strong collabora-

tion among the new Mexico department 

of agriculture, private citizens and farmers 

that permits the santa Fe school district to 

buy directly from growers. in keeping with 

his energy-conscious philosophy, Bustos 

markets his food year round within 28 miles 

of his farm. Bustos is also investigating how 

to get entirely off the grid by increasing  

energy efficiency, expanding the solar  

panels to the house and filling his tractors 

with biodiesel.

For Bustos, the solar greenhouse and 

the added economic benefit it provides fit 

perfectly with his philosophy of keeping the 

land in the family. “We wanted the ability 

to retain our land for future generations 

and not have to develop it into houses,” 

said Bustos, whose family has farmed the 

same ground for 400 years. “We wanted to 

stay close to what we’ve done. Preserving 

our land ties into the spirituality of how we 

grew up.”
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A siGnificAnt portion of the enerGY useD in AGriculture 

comes from sources such as fertilizers, pesticides and 

other inputs that require significant energy to produce. 

reducing the use of these materials, especially nitrogen 

fertilizer, is an effective way to cut back energy use on 

the farm. for example, substituting manure for a ton of 

nitrogen fertilizer saves 40,000 cubic feet of natural gas 

and can reduce fertilizer costs by $85 per acre. 

farming practices such as grazing livestock, decreas-

ing tillage, cycling nutrients through manure and cover 

crops, and using rotations to control pests also reduce 

energy use while improving soil organic matter and 

decreasing soil erosion. nutrient management plans, 

soil testing, banding fertilizers and pesticides, and  

precision agriculture similarly help reduce energy use. 

diversify cropping systeMs

in 1981, the roDAle institute in KutztoWn, pA., lAuncheD 

what is now the longest running field trial in the united 

states comparing organic and conventional cropping 

systems. the conventional system received fertilizers and 

pesticides following penn state recommendations. the 

other two systems were managed according to organic 

standards using crop rotations, biological control and 

cover crops.

While all three systems produced similar yields of 

corn and soybeans averaged over 20 years, the additional 

organic matter from manure and cover crops enabled 

the two organic systems to do a far better job of improv-

ing soil health, increasing water infiltration and storing 

carbon. in the corn portion of the rotation, the organic 

systems used only 63 percent as much energy as the 

conventional system.

in northern texas, drought and inefficient water 

use have forced traditional cotton operations to pump 

water from the ogallala Aquifer at increasingly higher 

energy costs from ever-lowering water levels. As of 2007, 

pumping water from 150 feet consumed $2.67 worth of 

electricity per acre-inch of water. pumping from 300 feet, 

by comparison, costs $4.84 per acre-inch. 

sAre-funded research at texas tech university led  

by scientist Vivien Allen showed that farmers could  

successfully integrate pastures into existing cotton 

monocultures to reduce demand for water and energy. 

instead of growing thirsty cotton continuously, farmers 

have started putting some cotton land into pastures for 

texas farmers integrate 

old-world bluestem into 

cotton systems to save 

water and energy.  

–  Photo by Vivien Allen

Farm to Save Energy, Curb Pollution
part 2
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southern region profile

riCK KeLLison: saving energY BY saving water

rick Kellison’s cow/

calf herd enjoys a daily 

diet of drought-tolerant 

forages. 

–  Photo by Kathy Kellison

grazing livestock. compared to continuous cotton, the 

integrated crop/livestock system requires 23 percent less 

irrigation, 40 percent less purchased nitrogen fertilizer 

and fewer pesticides.  

in 2004, Allen was awarded a $6.2 million grant from 

the state of texas to continue the sAre-initiated work 

across 26 farmers’ fields. early results confirm that the 

specific crop or variety chosen can make large differ-

ences. substituting a forage sorghum for corn to make 

high-quality silage, for example, uses about one-half to 

one-third the irrigation water while netting similar  

yields and higher returns. 

diversify aniMal operations 
AccorDinG to the center for sustAinABle sYsteMs At 

the university of Michigan, grain-fed beef requires 35 

calories of fossil fuel energy for every calorie of beef 

protein produced. raising livestock on pasture helps 

reduce dependence on energy-intensive annual feed 

crops and transportation, as well as temperature- 

controlled livestock housing. Grazing systems improve 

animal well-being, water quality, and plant and soil 

health, while also providing habitat for wildlife. 

Grazing systems can be good for the pocketbook  

too: According to nrcs, producers can save about  

$11 per cow per month for each month the cow stays  

on pasture, thanks to reduced fertilizer and fuel costs.

iowa state university professor Mark honeyman 

advocates “deep straw” systems for hogs as a cost-  

and energy-saving measure. this system involves huts 

on pasture or deep bedding in hoop barns, or both. 

According to honeyman, these systems are much less 

on the texas high Plains, livestock and 

crops are largely dependent on water from 

the ogallala aquifer. however, declining 

groundwater means more energy is required 

to pump water from ever-deeper levels. (see 

sarE’s video on the ogallala aquifer at 

www.sare.org/ogallala).

When rancher rick kellison began farming 

his own 300 acres in the early 1990s, he set 

out not only to stay away from thirsty cot-

ton, but to plant drought-tolerant grasses 

and forages and implement water-saving 

measures, all of which help him save energy.  

“i’ve always been very concerned about 

what we’re doing with our water,” said 

kellison, who runs his registered cow-calf 

operation in lockney, about an hour north 

of lubbock. Producers value water by what 

it costs to deliver it to the crop, he added, 

but water can be a finite resource, like oil 

and natural gas, and needs to be used care-

fully. not long after kellison purchased his 

land in 1995, he converted 210 of his acres 

from furrow irrigation to pivot and drip, and 

now saves more than 2,200 acre-inches of 

water, 89,966 kWh and $13,000 per year.

his permanent pastures also confer 

environmental and energy-saving benefits. 

one sowing per crop means no yearly plant-

ing or tilling, cutting fuel costs. Permanent 

pastures hold the soil in place, reducing 

erosion and building soil organic matter. 

kellison fertilizes every year with approxi-

mately 75 pounds of nitrogen, 20 pounds 

of phosphorus and 15 pounds of sulfur for 

high-potash soils. But he is now experiment-

ing with substituting alfalfa for energy-

intensive nitrogen fertilizer. in his first year, 

he interseeded a 25/75 percent alfalfa/grass 

mix on 25 acres and was sufficiently pleased 

with the results that he plans to substitute 

alfalfa for nitrogen fertilizer on another 30 

acres of pasture.

kellison’s pastures, primarily drought-

tolerant old-world bluestem with a little bit 

of Bermuda grass, are now less an anomaly 

in the texas Panhandle than when he first 

began. the growing acceptance results 

partly from the research of sarE grant 

recipient vivien allen at texas tech.  

together with kellison and others, allen  

has demonstrated how growers can reduce 

water and energy use, but maintain profit-

ability by integrating drought-tolerant for-

ages, grasses and livestock into traditional 

cotton and row crop systems (see p. 6). 

kellison is very positive about the 

influence of allen’s work. “she’s had a 

tremendous impact on the number of 

acres. Many people who took some 

aspect of her research and incorporated 

it in their operations might not have if 

they hadn’t seen it work at texas tech,” 

said kellison. “in this area, we’re starting 

to see people putting the land into 

improved perennial pastures.” 

kellison is project director of the texas 

alliance for Water Conservation (taWC),  

a group of farmers, researchers and state 

and local agencies collaborating with allen 

to develop strategies for reducing water  

use. “i feel like it’s my charge to leave the 

land in better shape than i found it. if i can 

accomplish that and be a good steward,  

then that’s a step in the right direction.”
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capital-intensive than confinement, and have several 

added efficiency benefits: Bedding compost inside the 

hoop structures provides natural heat; manure packs can 

be used as compost; and costly power fans for ventilating 

confinement buildings aren’t needed with these smaller 

structures because window and door openings provide 

enough natural air flow.

cUt Back on tillage 
AccorDinG to usDA, sWitchinG froM conVentionAl tillAGe 

to no-till can save about 3.5 gallons of fuel per acre. no- 

till also means farmers can use smaller, more fuel-

efficient tractors. Assuming diesel costs of $2 per gallon, 

a 70-horsepower tractor can run for about $6 per hour 

while a 150-horsepower tractor consumes slightly more 

than double that. 

in western colorado, as in other arid regions, most 

farmers irrigate in furrows between crop rows plowed 

clean to facilitate water flow. Aided by a sAre grant, 

randy hines, in Delta, colo., developed a tool to leave 

vegetative residue on the soil while creating irrigation 

furrows every other 30-inch row. not only did hines 

reduce erosion, he also cut by half his number of tractor 

passes (and fuel use) before planting corn. this saved 

$35–$50 per acre from reduced wear and tear on the 

machinery, labor costs, and fertilizer and herbicide 

applications. 

in Arizona’s arid cotton fields, a state mandate 

requires producers to plow down cotton stalks to  

help control pink bollworm. these tillage operations 

generally coincide with the driest time of year, creating 

large amounts of fugitive dust, specifically small epA- 

regulated particulates known as pM10, which cause  

respiratory problems. 

to help growers reduce dust and meet plowing 

requirements, university of Arizona professor robert 

roth used a sAre grant to study three types of tillage 

systems. each of the systems used half the amount of 

fuel and significantly cut down on dust. for example, 

the sundance system, which uses a root puller attached 

to the front of the tractor, and a ripper/disk lister to the 

back, saved growers $8–$16 per acre. today, growers  

are using different combinations of these three systems  

to reduce their costs and dust while still meeting the 

plow-down requirement. 

“high energy costs are [encouraging] people to 

reduce the number of passes and costs so they can 

remain sustainable,” said roth.

specific agricultural and forestry practic-

es can capture and store, or “sequester,” 

carbon, which can be released into the 

atmosphere as carbon dioxide (Co2), a 

primary greenhouse gas. according to 

the intergovernmental Panel on Climate 

Change (iPCC), roughly 100 billion metric 

tons of carbon could be sequestered in 

the world’s soils during the next 50 years, 

offsetting 10–20 percent of carbon emis-

sions from fossil fuels.

Carbon storage is also good for soils. 

it increases organic matter, improving 

soil structure and water infiltration, 

which can improve yields and profits  

for growers. at Pennsylvania’s rodale  

institute, the long-running Farming sys-

tems trial showed that after 23 years,  

organic systems each stored about 1,000 

pounds of carbon per acre per year due 

to cover crops and crop rotations. the 

conventionally fertilized system did 

not accumulate significant amounts of 

carbon. 

to effectively store carbon in soils:
3	 		add organic materials, such as 

manure and cover crops.
3	 	reduce or eliminate tillage.
3	 	return the maximum possible  

crop residue to the soil.
3	 	Plant a permanent cover.

Finding the best approach to tilling  

to mitigate greenhouse gases is a bit 

tricky, however. to store carbon, no-till 

is certainly best. the more undisturbed 

the soil the better, as mixing and aerating 

feeds otherwise dormant microorgan-

isms that will hungrily metabolize carbon 

and then release it as Co2. however, no-

till systems can also increase emissions  

of nitrous oxide (n2o) — a far more po-

tent greenhouse gas than Co2. scientists 

are not completely sure of the processes 

and conditions that increase n2o emis-

sions but believe it is due to the higher 

soil moisture levels and increased fertil-

izer use that can occur under no-till. 

to minimize release of n2o, no-till 

producers should use nutrient manage-

ment plans, nutrient testing and the 

“pre-sidedress nitrate test” (Psnt) to 

help synchronize nitrogen application 

and availability with crop demand. 

storing carbon may also offer finan-

cial benefits. in the early 2000s, the Chi-

cago Climate Exchange began offering 

farmers the opportunity to earn money 

for practices that reduce emissions of 

major greenhouse gases by buying and 

selling carbon credits. Credits sold in 

100-ton units, too large for individual 

farmers, so both the Farmers union and 

Farm Bureau organized large blocks of 

farmers — representing about one mil-

lion acres from each organization — to 

sell credits. 

When the Climate Exchange program 

began, carbon traded at 50 cents per 

acre for land in no-till. By 2007, the 

going rate on the same land was about 

$2 per acre. alfalfa and some grasses in 

2007 traded for about $3 per acre; forest 

land got $4–$20 per acre, depending on 

the type, age and location of the trees; 

and dairy farmers capturing methane 

earned about $20–$30 per cow per year. 

however, carbon prices were depen-

dent on market forces and an expecta-

tion that mandatory limits would be set. 

When this failed to happen, rates plum-

meted, and in 2010 the Farmers union 

suspended the program. until manda-

tory caps are placed on carbon emis-

sions, the value of carbon will remain 

dependent on goverment legislation and 

programs that set national, state or local 

limits on the amount of carbon that can 

be released into the atmosphere.

CurBing CLiMate Change
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BioMAss crops, conVerteD VeGetABle oil or AniMAl 

manure, windmills and solar panels – across America, 

farmers are increasingly exploring a range of energy 

technologies to “grow” energy on the farm. some  

produce primarily for their own use, while others  

generate enough energy to sell back to the grid or  

in biofuels markets. 

Many farmers combine different renewable energy 

sources to develop highly self-sufficient systems. 

3  in Minnesota, steven schwen uses both solar and 

biomass to heat his greenhouse. 

3  in Vermont, John Williamson constructed a passive 

solar facility where he will produce biodiesel from 

locally grown canola, mustard and flax.

3  in Missouri, Dan West is developing a prototype  

solar concentrator to help power his waste-fruit 

ethanol still.

tap into the Wind

in recent YeArs, GoVernMent incentiVes AnD tAx creDits 

and consumer demand for green energy have spurred 

huge growth in wind energy generation. Modern turbines 

are now powering individual farms. And across the “wind 

states” – those located in the Great plains, Midwest and 

West – the tall, white towers of mass-scale wind farms 

have become common sights.

Jess Alger, a fourth-generation Montana rancher, 

used do-it-yourself installation and federal and state 

incentives to make wind power economical. in 2003, 

Alger installed a 100-foot tower that now provides 

electricity for his home and 1,200-acre ranch. in total, 

the system cost $36,850 less than normal because he 

did not pay a dealer and prepared the site himself. he 

also obtained funding from usDA and the national 

center for Appropriate technology (ncAt). today, 

Alger produces electricity in excess of his needs.

Wind is not limited to just the West or Midwest. 

leonardo Busciglio bought and installed a decommis-

sioned wind tower from california for his new York 

farm. the sAre grant recipient knew he had a wind 

tunnel in the valley near his house, and although he 

paid more to ship the 10 kW turbine than buy it, he 

estimates a payback of only five years, thanks to his 

reduced electric bill.

choosing an appropriate small-scale system depends 

on a farmer’s needs and site. smaller turbines requiring 

less wind can run a water pump; bigger turbines can  

provide the farm’s entire electrical needs. While the 

amount of wind needed varies, a rule of thumb is that  

a location should have a minimum of class 2 winds.  

if wind speeds are too low, due either to climate or  

not enough tower height, the system will not produce 

enough energy to be economically viable.

other factors to consider are zoning restrictions,  

land area, and availability of state tax credits or incentives. 

each site’s conditions must be evaluated individually. And 

the financial outlay can be high. for a 10 kW turbine, the 

system can cost $40,000–$60,000 installed; smaller, 

appliance-specific windmills run about $15,000. however, 

many states, especially those generously endowed with 

wind, offer tax credits, grants and other incentives that 

can make wind power worth a farmer’s while. 

Because operating a wind farm requires a substantial 

outlay of funds and research time, some farmers are 

forming cooperatives. large-scale wind farmers have 

the added consideration of having to deal with utilities, 

which can be daunting. the ease of hooking up to the 

grid varies from state to state, and is dependent on such 

variables as the type of utility, local regulations and net 

metering laws (for more information, see “Working with 

rural utilities: What’s the Buzz?” p. 11). 

Generate Energy on the Farm
part 3

stateline Farm in 

shaftsbury, vt., is  

gearing up to produce 

100,000 gallons per  

year of biodiesel at its 

on-farm facility.  

– Photo by Vern Grubinger
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tap into the sUn

When BrooKfielD fArM BeGAn BuilDinG A neW BArn in 

2003, community members thought its sun-exposed  

roof would be a good place to generate solar power. 

two years later, Brookfield, located in Amherst, Mass., 

installed a 3.8 kW solar electric system that today  

generates enough electricity to power walk-in coolers, 

greenhouse fans, the office computers and lights for  

its 520-member community-supported farm operation. 

the panels supply anywhere from 20–50 percent of  

the farm’s electricity. 

to get the project off the ground, the farm had to  

harness financing and technical support, as well as the 

sun’s rays. it approached cet, which, with help from 

a sAre grant, connected the farm with engineering, 

electrical and solar energy consultants. to pay for the 

entire system, Brookfield landed a state energy grant  

and also received $15,000 in donations from its members.

“it’s great to see the meter spinning fast on sunny 

days,” said Jeff tober, Brookfield assistant farm manager, 

who often shows the system to other farmers and busi-

ness owners. “We want to use as little as possible from 

the grid.” 

Brookfield farm is just one example of how the sun 

can power everything from water pumps to lighting  

systems, from electric fencing to greenhouse heating. 

With the high cost of running transmission lines to  

locations more than a half mile from a traditional power 

source, solar can make economic sense. Grants and tax 

incentives offered by some states can also make a big 

difference. And the technology is improving: today’s 

photovoltaic (pV) panels are easy to install and maintain, 

long-lived (up to about 25 years) and come with extended 

warranties. that said, the price of solar panels can fluctu-

ate widely, depending on availability and other market 

forces. 

sunny rooftops or other locations with clear access 

to the sun and a south-facing roof are the best place to 

site a solar energy system, although east- or west-facing 

roofs might work. if a rooftop can’t be used, solar panels 

can be placed on the ground, either on a fixed or tracking 

mount that follows the sun during the day. 

passive solar construction – intentionally siting and 

designing a building to optimize heating and cooling 

– can reap maximum energy gain with minimal invest-

ment. for warming, a passive solar building can include 

south-facing windows, heat-absorbing tile, concrete 

flooring and other “thermal mass” material. for keeping 

buildings cool, well-sited trees, window coverings and 

awnings can effectively block the sun.

solar has been especially useful to ranchers and dairy 

farmers for powering water pumps in remote pastures. 

With help from a sAre-funded managed grazing program, 

richard Bossard, a dairy farmer in steuben county, n.Y., 

installed such a system. today, his cows no longer hover 

around one well, but drink from five water stations 

across 100 acres of pasture. 

captUre fUel froM aniMal ManUre  
and plant Waste  
conVertinG AniMAl AnD plAnt WAste into enerGY cAn Be 

a triple-hitter: it not only helps reduce waste going to 

landfills or from being released as gas into the atmo-

sphere, but saves energy and money. Waste materials – 

ranging from animal manure for methane to wood chips 

for direct heat to waste vegetable oil for straight use or 

conversion to biodiesel – also have a positive energy and 

carbon balance. that is, more energy is derived from the 

fuel than is spent converting it. therefore, no net co2 is 

generated.

Animal Manure 

nature has always used anaerobic digestion – bacteria 

breaking down organic material in the absence of oxygen 

– to recycle waste. Modern anaerobic digester systems on 

livestock farms work on the same principle: the solids in 
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in the hot summer months when the sun shines, the wind often doesn’t blow.  

during the cool and cloudy fall and winter seasons, wind speeds are often at  

their highest. if your site is accommodating, combining wind and solar can be  

an effective renewable energy system. — Roya Stanley and DOE-NREL

soLar and wind resourCes are CoMPLeMentarY
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manure are converted by bacteria into biogas, primarily 

methane, which can then be used to generate electricity.  

Anaerobic digesters have traditionally been geared 

toward large livestock confinement operations, which 

produce a lot of manure. the digester’s broader-use 

potential, however, has spurred manufacturers to 

explore scaling down the technology for small- and 

mid-sized farms. china and india have long promoted 

smaller digesters. And nearly 2,000 farm-based 

digesters operate in europe, where researchers are 

trying to improve efficiency and cost-effectiveness for 

smaller operators by combining food and animal 

waste.

Digesters resolve multiple problems simultaneously:

3  When the liquids and solids are separated and 

treated, odor is reduced. the liquid portion is much 

easier to apply as fertilizer and is often mixed directly 

with irrigation water. 

3  the odor- and pathogen-free solids can be sold as 

compost or reused as bedding, either generating  

new revenue streams or saving producers money  

on purchased bedding. 

3  fly populations in and around the manure storage 

systems are reduced, as are weed seed populations in 

the compost. 

3  Biogas is captured and burned to power the farm 

and/or generate electricity to be sold back to the 

power supplier. capturing and using the methane 

prevents its discharge to the atmosphere, where it has 

21 times more global warming potential than co2.

in 1998, AgstAr, a collaborative effort of various  

federal agencies, selected the 1,000-acre, four-generation 

haubenschild family farm near princeton, Minn., to 

demonstrate the effectiveness of an on-farm digester 

www.sare.org      11

the Century wind Farm in 

the northeast powers an 

average of 51,000 homes 

with 135 wind turbines.  

the land is leased from 

area farmers, providing 

them with extra income.  

– Photo by Melissa Hemken 

if you are considering installing a renew-

able energy system with an eye toward 

selling power to your utility, do your 

homework carefully. rules, regulations 

and policies vary widely across states, 

municipalities and utilities. in some  

areas, utilities are more cooperative due 

to regulatory mandates to buy a certain 

amount of renewable energy. in other  

areas, utilities are less helpful, fearing 

potential hassles and lost revenue.

“utilities are a mixed bag,” said Mike 

Morris, Farm Energy team leader for  

the national Center for appropriate 

technology (nCat). “there are many  

excellent investor-owned utilities and 

rural electric cooperatives committed  

to helping people hook up to the grid, 

but in many areas, that is not the case.”

some tips to consider when working 

with your local utility:

Research Your Utility: is it willing to 

work with small or “distributed” power 

generators? some utilities are open to 

the idea; others more resistant. their 

reluctance may be as simple as not 

having the proper infrastructure in place. 

For example, in many rural areas electric 

power distribution was designed to be  

a one-way street; sending electric power 

backward may require installation of dif-

ferent controls. talk to the distribution 

utility early in the process to determine 

its requirements. the costs to upgrade 

the distribution system may dramatically 

change the economics of a generation 

project.

Talk to the Pioneers: look into regula-

tions and potential red tape by talking 

with people in your community who 

have hooked up to the grid. local  

renewable energy dealers and installers 

are also good sources of information.

Know State Net Metering Laws: Forty-

two states and the district of Columbia 

require utilities to “net meter” — that is, 

allow customers to hook up to the grid. 

But each state has different require-

ments. in Montana, for example, inves-

tor–owned utilities are required to net 

meter while rural electric cooperatives 

are not. Each state also has a different 

maximum allowable system size for net 

metering. in Maryland, consumers can 

install and link systems up to  

2,000 kW, while in California the  

limit is 1,000 kW. 

Understand Technology Differences: 

solar, wind and biogas all have different 

requirements for hooking up to the grid. 

Be sure you understand the technical 

specifications.

Investigate the Financial Benefits: 

When net metering, you will probably 

only receive credits to your electric  

bill. For some customers, the savings  

can be significant. to sell back to a  

utility, you must become a qualifying  

facility (QF) as outlined by the Public 

utility regulatory Policies act of 1978 

(PurPa). however, even if you qualify,  

in many states you will be selling back  

to the utility at low rates. don’t expect 

to get rich. the main benefit will accrue 

from what you save by generating your 

own electricity. 

Ask for a Policy: if you are working with 

a rural electric cooperative in a state or 

area that doesn’t require net metering, 

suggest that the cooperative develop a 

policy. often, cooperatives want to be  

responsive to members’ needs. 

worKing with ruraL utiLities: what’s the Buzz? 
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operation. the haubenschild’s digester receives, on 

average, 20,000 gallons of manure per day, producing 

72,500 cubic feet of biogas, most of which is used to 

power a 135 kW generator. Waste heat recovered from 

the generator’s cooling jacket is used to heat the barn. As 

an added benefit, the haubenschilds are able to supply 

enough electricity for an additional 70 households, and 

by December 2005, the farm had generated a total of 5.8 

million kWh.

the energy produced by the digester prevents the 

equivalent of burning 50 tons of coal per month. Because 

it reduces methane release, the haubenschild farm can 

sell 90–100 tons of carbon credits per week through the 

environmental credit corporation. the farm has also 

saved an estimated $40,000 in fertilizer costs because 

they use resulting “digestate” as a soil amendment. 

the haubenschilds are committed to conserving 

resources and saving money in other ways as well. for 

example, they reuse milk cooling water for cow drinking 

water and to wash the floor, then reuse this water for the 

digester. they also use four tons of recycled newspaper 

per week as bedding because it promotes excellent 

anaerobic breakdown of manure.

While promising, digester technology is still evolving, 

and installation and operating costs are high. Digesters 

are very sensitive to temperature, alkalinity, loading 

rate of waste and hydraulic retention time. they require 

consistent oversight by at least one person. other 

challenges include high capital costs, low wholesale 

electricity prices, still-emerging industry support and 

hooking up to the grid. (for more information, see Work-

ing with Rural Utilities: What’s the Buzz? p. 11).

A unique partnership between an investor-owned 

utility and several Vermont farms is making “cow power” 

more feasible for a number of growers by allowing 

customers to choose sustainable energy. thousands of 

central Vermont public service (cVps) customers have 

signed up to get a portion of their energy through the 

cVps cow power program. they pay an additional 4 

cents per kWh knowing that 100 percent of the premium 

supports Vermont dairy farmers who use digesters.

it currently takes about 500 milking cows to pro-

duce enough energy for cow power to be economically 

viable, so a number of small-scale farms are considering 

combining their manure to become eligible.

Plant Waste

fuel made from plant waste is made primarily from 

either waste vegetable oil (WVo) or WVo converted into 

biodiesel, a diesel fuel made either partially or wholly 

from biological materials. With a few exceptions, WVo 

requires modifying existing equipment, while WVo 

converted into biodiesel can be used in most diesel-

burning engines. 

fuel from waste or converted vegetable oil has pros 

and cons, but both confer many environmental and 

economic benefits. used oil contains nearly twice the 

energy value of coal and more energy than no. 2 fuel oil. 

compared to petroleum diesel, biodiesel produces fewer 

volatile organic compounds (Vocs) and particulates 

12      www.sare.org

top left to right 

the Blue spruce dairy, a 

member of vermont’s  

Cow Power program, uses 

an anaerobic digester 

(pictured) to turn manure 

into methane, which 

is used to generate 

electricity. 

– Photo by Vern Grubinger 

3

Mike Collins grows 

tomatoes in a greenhouse 

heated by used vegetable 

oil.   

– Photo by Vern Grubinger
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and less co2, sulfur dioxide, carbon monoxide and 

mercury. some studies suggest that biodiesel produces 

slightly higher levels of nitrogen oxide (nox) pollution, 

but researchers are investigating new additives and 

diesel technology that could significantly lower these 

emissions.

Mike collins and rebecca nixon of old Athens farm 

in southeastern Vermont decided to switch to straight 

waste-vegetable oil to heat their three greenhouses after 

using as much as 3,000 gallons of no. 2 oil in one winter. 

each greenhouse now has a waste oil burner, generating 

350,000 Btu for 3,200 square feet. 

collins and nixon, who grow organic vegetables  

and berries for direct markets on two acres, and produce 

greenhouse tomatoes, cucumbers and eggplants, collect 

waste oil from nearby restaurants. the restaurants 

are within normal vegetable delivery routes, saving 

transport-related time and energy. collins and nixon 

avoid oil with hydrogenated fats as it does not perform 

well in waste oil burners. 

the oil, generally kept in containers ranging from five 

to 50 gallons, is brought to the farm, filtered through  

a screen and then stored in large plastic tanks in the 

greenhouse. Because it solidifies in cold weather, any oil 

kept outside in the winter must be pre-warmed before 

use. 

like all new energy systems, a vegetable oil system 

requires initial start-up costs. for collins and nixon, 

each burner cost about $5,000 and another $500  

to set up. About four hours per week are required to  

collect the oil, and to maintain the heaters. Assuming 

labor costs of $10 per hour, their waste vegetable  

oil system costs them an additional $2,000 annually  

in labor. 

But the payback is quick. eliminating expensive fuel 

purchases meant that during the 2005–2006 growing  

season, the farm saved almost $7,000 in fuel costs. With 

heating oil prices just above $2.25 per gallon, payback 

on this system could be as fast as three and a half years.

like straight vegetable oil, converting WVo to 

biodiesel can be cost effective: less than $1 per gallon in 

materials, plus labor. Matt steiman, biodiesel project 

supervisor at Dickinson college in carlisle, pa., has 

long-promoted its benefits. in 2005, on behalf of Wilson 

college, he received a sAre grant to teach farmers to 

convert vegetable oil into biodiesel, holding six hands-on 

workshops and attracting more than 100 growers from 

Maryland, Virginia, West Virginia and pennsylvania.  

several participants are now receiving seed money to 

produce biodiesel on their own farms.

Know the Blends: Biodiesel can be used in any 

standard unmodified diesel engine and in any 

percentage — from B2, a 2-percent biodiesel 

mixed with 98 percent petroleum, to pure 

biodiesel, known as B100. 

Prepare for Cold Weather: Cold weather can  

be a problem for high-percentage blends of 

biodiesel. B100, for example, will cloud at  

temperatures slightly above freezing and can 

clog fuel filters if the temperature drops  

below 28 degrees. Cloud and gel points 

depend on what oil was used to make the 

biodiesel. one solution is two fuel tanks — 

one with regular diesel that can start in cold 

temperatures and warm up the other tank, 

which contains the biodiesel. other cold-

weather strategies include using additives or 

lower blends, such as B50 or B20.

Use It or Lose It: Biodiesel has a shelf life of 

about six months; sealed opaque containers 

with minimal head space (to prevent water  

condensation) are best for storage.  

Know On- and Off-Farm Restrictions:  

different tax laws apply for on- and off- 

farm use. on-farm use is exempt from  

federal excise tax and most federal regula-

tions, except for storage. For off-farm  

use or sales, follow state and federal laws.

Check Warranties: some engine warranties  

are valid for blends up to B20, but only if 

used with biodiesel that meets strict industry 

standards (astM d6751). Check your owner’s 

manual carefully.

Beware of Corrosion: Because biodiesel is  

a solvent, it may loosen debris in pipes and 

tanks, clogging filters initially. Changing  

filters soon after first use, however, remedies 

the problem. sometimes rubber hoses and  

gaskets on older vehicles don’t hold up well 

with B100. When using high blends, you may 

need to tweak injection rates and vehicle  

timing for optimal performance. 

Investigate Storage Regulations Carefully: 

states set regulations for blends up to B20.  

For higher blends, EPa regulations apply. as 

more people produce and store biodiesel, 

these rules are likely to change. 

Exercise Caution: Biodiesel production  

requires careful attention to safety. Methanol, 

an alcohol used in the conversion process, is 

flammable and can be toxic to skin and the 

lungs. lye, the catalyst, can cause skin and  

lung irritations and, in a worst case scenario, 

blindness. Consult your state environmental 

agency and local fire officials to ensure  

compliance with regulations.

BiodieseL 101

– Photo by Sally Colby
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“BioenerGY Will Be the BiGGest chAnGe in AGriculture in 

our history,” said Gale Buchanan, usDA’s undersecre-

tary of Agriculture for research, education and econom-

ics in 2007. in fact, change is already widespread across  

the Midwest, where corn is fetching record prices and the 

rapidly expanding ethanol industry has been a boon to 

many rural communities. 

As far as biofuels are concerned, however, a clean 

energy future will not be limited to corn-based ethanol, 

but will include a wide variety of alternative energy 

crops, or feedstocks. such feedstocks can be used for 

both ethanol and biodiesel, grown in varied climates and 

farming systems, and lead to more diversity on the farm. 

Also on the horizon are improvements in the conversion 

efficiency of existing feedstocks, such as wood and grass 

pellets.

consider alternative feedstocks for ethanol 
corn is currentlY the priMArY feeDstocK for ethAnol 

because it is easy to grow, the conversion technology is 

well-developed, and a combination of government incen-

tives and fuel prices ensure profitability. however, many 

other plant materials provide a much higher net energy 

gain for ethanol than corn. research to develop these 

alternative feedstocks has been ongoing for many years 

and produced many suitable crops, yet challenges still 

remain to develop profitable conversion technologies.

cellulosic biomass – the fibrous, woody and gener-

ally inedible portions of plant matter – is an emerging 

alternative feedstock. it comes from a wide variety of 

crops and offers positive environmental benefits. With 

the exception of crop residues, such as corn stover or 

wheat straw, most cellulosic material comes from 

perennial crops, which generally require less intensive 

planting methods, integrate well into existing rotations 

and provide better soil cover than annual row crops. 

cellulosic crops, such as perennial grasses, poplar trees 

and alfalfa, allow for more diversity across the landscape 

and can be grown successfully in many areas, providing 

opportunities for growers across the united states.

Switchgrass for Ethanol 

Already on the radar of many researchers, switchgrass 

was thrust into the spotlight when former president 

George W. Bush first mentioned it in his 2006 state of 

the union address. Although currently almost no market 

exists for switchgrass as an energy crop, it is emerging as a 

leading contender for cellulosic ethanol production.

A long-lived perennial, switchgrass has positive 

attributes as a sustainable energy crop, because it can:

3  extract soil nutrients efficiently, reducing the need for 

external inputs, and, with its extensive root system, 

store large amounts of below-ground carbon;

3  thrive on less productive soils, reducing competition 

for more fertile ground that can be used to produce 

food;

3  supply sufficient cover to curb soil erosion and provide 

good nesting habitat for birds and other wildlife;
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Biofuels: Look Toward Future Feedstocks
part 4

in addition to switchgrass, researchers 

are currently exploring more than 81 fuel 

sources for ethanol, including:

Hulless Barley: Barley can do double 

duty as a cover crop and energy crop. 

Hybrid Poplars: these poplars can be 

planted on marginal land, and converted 

into ethanol or used directly for heat. 

Poplars have excellent energy crop 

potential because they require few  

pesticides and fertilizers and grow  

well on land unsuitable for food crops, 

such as old mining or wastewater  

treatment sites.

Algae: already known to be highly  

efficient at capturing nutrients, algae  

are currently in use at the usda- 

agricultural research service (ars)  

site in Maryland to filter dairy wastewa-

ter. researchers believe it could  

generate methane, or be converted 

directly into biodiesel or ethanol.

Alfalfa: new varieties don’t lodge and 

require less frequent harvesting than a 

typical forage crop. researchers at the 

usda-ars in st. Paul, Minn., have shown 

initial yield increases of 42 percent. 

decreased cuttings protect nesting birds 

in the spring. alfalfa also has low energy 

input requirements, fixing its own nitro-

gen. one more added benefit: growers 

already know how to produce alfalfa and 

it slots well into existing rotations.

Mixtures of Native Species: Work by 

ecologist david tilman of the university 

of Minnesota suggests that growing 

mixtures of native species may produce 

more biomass and fewer fluctuations  

in productivity than one or a few  

species of grasses. like switchgrass, 

mixed species produce far more net 

energy than corn and soybeans and 

require minimal fertilizer and pesticide 

inputs. native species can also be grown 

on marginal lands and are more resilient  

to drought and pests. as an added  

benefit, they store more carbon than 

they release. 

eMerging FeedstoCKs For ethanoL
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3  be harvested for forage in the spring and biomass in 

the fall, providing growers a double-income stream;

3  adapt easily to the southern and central parts of the 

country;

3  be established by no-till direct seeding into crop 

stubble or grass sod, further minimizing erosion  

and reducing soil carbon loss from tillage; and

3  be grown easily by many farmers who already  

have the necessary planting and haying equipment.

Most current switchgrass research has focused on  

the grass’ use as forage and a buffer crop. further work is 

needed to develop best management practices, integrate 

switchgrass into existing systems, and determine its 

economic feasibility as an energy crop. switchgrass also 

has potential drawbacks, some of which researchers are 

currently addressing:

3  Yields vary greatly, ranging from one to 16 tons  

per acre, creating uncertainty for growers. 

3  in certain regions of the country, switchgrass  

may act as an invasive species. 

3  switchgrass establishment can be difficult in  

certain climates and farming systems.

3  tough switchgrass stems can puncture tractor tires.

While a perennial, such as switchgrass, is gentler on 

the environment than input-intensive row crops, mono-

cultures of any crop reduce landscape diversity essential 

for wildlife habitat and healthy soil flora and fauna. they 

can also create higher risks for the producer, as they are 

susceptible to pathogen and insect infestations as well 

as market fluctuations. As the bio-economy continues to 

grow, farmers, researchers, agricultural educators and 

policy makers must all pay close attention to the balance 

between efficiency of scale and the benefits of environ-

mental diversity, even with crops such as switchgrass.

north Central region profile

dan west: FroM Fruit to FueL

dan west harnesses  

the sun’s rays to help 

produce ethanol from 

his orchard’s excess 

fruit. 

–  Photo by Mary West

as tree fruit growers know well, annual  

harvests do not remove all the fruit from 

the orchard. a great deal is left behind  

littering the orchard floor. While ponder-

ing his fruit waste problem, dan West of 

Macon, Mo., who grows apples, peaches, 

apricots, nectarines, plums and pears, hit 

upon a novel approach: Why not turn the 

waste into energy?

West already had been distilling the 

waste fruit into natural wine using a still he 

designed out of a beer keg. (West received a 

distilling permit from the Bureau of alcohol, 

tobacco, Firearms and Explosives.) then, 

driven by an over-supply of waste fruit, 

coupled with his growing concern about the 

supply and cost of fossil fuel, West decided 

to produce ethanol from his fruit wine by 

heating it and removing the alcohol, at a rate 

of about 1.5 gallons per hour.

“using waste was the main thing,” recalled 

West, who has been running an orchard on 

10 acres since 1995, and received a sarE grant 

in 2003 to experiment with ethanol produc-

tion. “i also thought it would be nice to be 

self-sufficient, using our ethanol to power 

our mower and tractor.”

West built a second still from a 500- 

gallon propane tank, in which he heats his 

fruit wine to just below boiling, gathers 

steam in a fractionating column, and distills 

the alcohol portion of that steam to 190 

proof. this still should easily produce 4–5 

gallons per hour, although he expects to 

speed up the distillation as he improves  

the second still.

“Even at $2-a-gallon fuel prices, my 

ethanol distillation process is well worth 

doing,” West said. discounting the labor to 

gather and crush fruit — now his most time-

consuming task — distillation costs only 65 

cents per gallon in electricity costs. those 

gallons of ethanol, however, now power  

his farm engines at a higher octane than 

gasoline and provide a cleaner burn.

“it’s exciting,” he said, reflecting on the 

first time he powered up his lawn tractor 

with homemade ethanol. 

others have been similarly fired up.  

at least 1,000 people per year visit West’s 

orchard, about 120 miles from kansas City, 

in part to see his energy-saving invention. 

West never stops thinking up innovative 

ways to get the most from his farm. since 

gathering waste fruit is time consuming,  

he has focused his keen inventor’s mind on 

finding a better way. With a second sarE 

grant, West is designing a machine that  

gathers up waste fruit, then crushes it into 

pulp, some of which is spread back on the 

orchard floor as fertilizer, and some of 

which is squeezed into juice and then  

fermented into wine.

West also received another sarE grant 

to design a closed-loop energy production 

system using a solar concentrating method  

that reduces electricity needed to heat the  

still. the prototype has produced 170-proof 

ethanol. “When it worked after three or 

four tweaks, i was jumping up and down,” 

he recalled. “Winning the initial grant 

opened up many doors for me.” 
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Solid Fuels: Wood and Grass Pellets

for decades, europeans have been burning grass for 

energy. But in the united states, the use of solid fuels, 

such as wood pellets and corn, has only recently seen 

a resurgence for home heating. Along the shores of 

Vermont’s lake champlain, Marshall Webb of shelburne 

farms is quite excited about the prospect of using a 

locally grown and readily available product – grass –  

to heat the farm. 

“our goal is to produce energy on the farm and 

become carbon neutral by 2020,” said Webb. the farm, 

a nonprofit educational center and a grass-based dairy 

of 125 pure-bred, registered Brown swiss cows, has 150 

acres of tough-to-harvest grass in wet and hilly areas. 

“We let these acres grow until mid-August, which allows 

the field nesting birds to fledge, and then harvest 100 

acres for bedding, while the remaining 50 get mowed.” 

those 50 acres and other potential neighboring land 

could produce enough heating energy from grass to  

satisfy winter demand, added Webb. 

When the grass is mowed at the end of the summer, 

the nutrients are stored in the root mass and the sun has 

done all the necessary drying. “it’s the perfect timing,” 

said Webb. “We’ve looked at habitat restoration, and the 

birds are finished nesting in the grass. the equipment 

is all idle at that time, and we could conceivably save 

thousands of gallons of oil by burning the grass.” even 

with the energy required to cut and pelletize the grass, 
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While much national attention has been 

focused on the mega-million-gallon 

ethanol and biodiesel plants sprouting 

across the country, on-farm biofuel 

production facilities run by farmers for 

farmers, and by small businesses, are also 

taking root. 

“in the northeast, we are trying to 

develop community-scale fuel systems 

that minimize infrastructure costs and 

transportation requirements, while 

using raw products that can be sustain-

ably grown by local farmers, providing 

them a fair and stable return,” said vern  

grubinger, Extension specialist for the 

university of vermont and northeast 

sarE coordinator.

at state line Farm in shaftsbury, vt., 

sarE grant recipient John Williamson  

is attempting to create such a model. 

Williamson began by making biodiesel 

from waste vegetable oil. he has since 

constructed a passive solar facility on 

his 110-acre farm to process locally 

grown oilseed crops, such as sunflower, 

canola and mustard, into biodiesel.  

he also grows sweet sorghum to 

distill into ethanol with the eventual 

goal of producing all of the alcohol 

needed for biodiesel production. 

Williamson strives for a closed-loop 

system that when fully operational, 

could have an annual production 

capacity of 100,000 gallons of 

biodiesel, and will produce a valuable 

by-product: tons of seed meal for 

sale as animal feed.

“these systems have great potential,” 

added grubinger. “But the devil is in  

the details. We’re still learning how  

to grow, harvest and process crops  

that have not been traditionally grown 

here, and we’re also figuring out the  

regulatory and market issues. Pioneers 

such as state line Farm are laying the 

groundwork for survival of small-scale 

farms when the time comes that fuel 

costs a whole lot more.”

in north Carolina, a small group of 

backyard biofuel brewers are pioneering 

an attempt to scale up community-

based and financially viable sustainable 

fuel operations. For many years, the  

cooperative resisted expanding their 

highly successful operation. When an  

old chemical factory became available 

outside Pittsboro, however, members  

of the Piedmont Biofuels Cooperative 

took it over to launch Piedmont  

Biofuels industrial, a private company. 

they raised $1 million and hired  

contractors to convert the factory.  

only six months after opening, the  

plant reached its production target of 

80,000 to 100,000 gallons per month, 

which still isn’t enough to meet growing 

demand. 

Piedmont Biofuels industrial hopes  

to demonstrate that “distributed”  

biofuel centers — ones that gather, 

process and sell feedstocks locally —  

are economically viable. the plant only 

uses local soybeans and chicken fat as  

its main feedstocks, although it can use 

any oil. its goal is to obtain all feedstocks 

from within a 100-mile radius, because 

biomass is heavy and expensive to  

transport. Piedmont’s principal buyers 

are school districts that use the fuel for 

transportation, county governments,  

municipalities and petroleum distributors 

who blend the fuel with petro-diesel. 

the plant has its own delivery trucks and 

is also equipped with a full terminal to 

allow 18 wheelers to pick up the fuel on 

site. 

the facility itself is a model of energy 

sustainability: solar panels across the 

rooftop pre-heat water needed for  

washing the biodiesel. after the fuel  

has been processed, it’s stored in a solar-

heated tank until shipped. 

ProFitaBLe, CoMMunitY-sCaLe BioFueL ProduCtion

–  Photo courtesy of Piedmont Biofuels
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the pellets’ output-input energy ratio is 12:1. the farm  

is awaiting final construction of a mobile grass pellet-

izer, which Webb envisions sharing with others in the 

community. 

like many feedstocks, grass pellets are still in a 

developmental phase as their higher ash content makes 

them more difficult to burn in standard wood-pellet or 

corn-burning stoves and furnaces. however, a number 

of corn, wood and biomass stove and manufacturing 

companies have modified equipment for grass pellets. 

According to researchers at cornell university, grass 

pellets have excellent potential as a low-tech, small-scale, 

environmentally-friendly, renewable energy source that 

can be locally produced, processed and consumed. 

Oilseed Crops for Biodiesel 

soybeans, because they produce high-priced meal 

and quality oil, have long held center stage as the  

predominant feedstock for biodiesel. But biodiesel can 

be produced from a wide variety of crops. from the 

northeast to the pacific northwest, researchers are 

exploring a variety of oilseed crops, focusing on those 

that fit well into existing rotations and provide a higher 

net oil yield.

in Washington state, for example, Washington state 

university and usDA-Ars researchers have been study-

ing safflower, mustard and canola, all of which fit well 

into existing dryland and irrigated rotations.

canola uses planting and harvesting equipment  

similar to what is used for small-grain production, and 

the meal commands high prices in the feed market. 

canola is an excellent rotation crop, doubling as both 

cover and energy crop because it: 

3  has deep, tough root systems that scavenge well for 

water and nutrients, and can break up hard pans;

3  can be planted either in the fall or spring, although 

fall-planted crops tend to yield double, at least in the 

pacific northwest;

3  is resistant to numerous pests such as the russian 

wheat aphid, the hessian fly and certain wheat  

diseases; and  

3  gels at lower temperatures than other feedstocks 

when converted to biodiesel, making it a more  

suitable fuel for colder regions.

Mustard has also been shown to be an excellent 

cover crop with high potential as a biodiesel feedstock. 

Although it produces less oil than canola, it is drought 

tolerant, grows well on marginal soils and contains  

compounds that act as a natural fumigant against soil 

pathogens. Mustard also suppresses nematodes and 

weeds, and, acting as a catch crop, provides fertility  

for subsequent crops. in recent years, its use as a soil 

fumigant has expanded significantly in the pacific 

northwest, in part due to research by Andy McGuire  

of Washington state university extension, also a sAre 

state coordinator, who showed that incorporating  

mustard cover crops could save growers $100 per  

acre. researchers in Vermont and Maine are also  
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3	 	What crops can you plant with the equipment, soil  

type and knowledge base you already have?
3	 		What is the season of crop you are considering  

relative to season of energy demand?
3	 	What kind of storage capacity do you have for  

the biomass? 
3	 		how much land can you safely dedicate to new and  

experimental crops?
3	 	Can you use perennial and diverse cropping systems  

for bioenergy feedstocks?
3	 		do you have underused or marginal land that could  

be used for woody biomass or grass mixtures?
3	 	have you calculated the inputs needed for biomass  

crops? Energy crops should produce more energy  

than they require to grow and process.
3	 	how can you integrate sustainable energy into a  

whole-farm plan?  

(adapted from a www.climateandfarming.org fact sheet.)

ProduCing BioMass For energY:  
what You need to Know  

Monocultures  

of any crop  

reduce landscape 

diversity essential 

for wildlife habitat 

and healthy soil 

flora and fauna. 

They can also cre-

ate higher risks 

for the producer, 

as they are more 

susceptible  

than mixtures  

to infestations  

and market  

fluctuations.

–  Photo by Vern Grubinger

2014 Current Issue Study Packet pg 366

http://www.climateandfarming.org


18      www.sare.org

northeast region profile

roger rainviLLe: growing CanoLa For BiodieseL

roger rainville hopes  

to achieve energy 

independence on his 

farm. one of his fuel 

feedstocks is home-

grown canola.  

– Photo by Bill DeLillo 

experimenting with growing canola and processing  

it into fuel. in sAre-funded trials, extension specialists 

peter sexton, university of Maine, and heather Darby, 

university of Vermont, were largely pleased with their 

initial yields, averaging from 1,100 pounds per acre  

for low-input systems to 1,700 pounds per acre for  

conventionally managed fields. sexton cited the growing 

environment in Maine – no irrigation and untimely 

rainfall that can cause white mold – as a problem for 

yields, but added these could be readily addressed. 

“We could do a little better,” said sexton, referring  

to the first trials. “But it looks promising enough that  

we are pursuing it further.” 

Just steps from the Canadian border, ver-

mont dairy farmer roger rainville is one of 

many farmers looking to determine his own 

energy future. at his aptly named Border-

view Farm, a 300-acre mix of row crops, pas-

ture and dairy replacement heifers, rainville 

is gearing up to become self-sufficient in 

energy, using biodiesel converted from his 

own canola crop. (see sarE’s video series on 

roger rainville at www.sare.org/rainville).

rainville, who has farmed outside of the 

small town of alburgh since 1982, has long 

been interested in alternative energy. When 

vermont Extension specialist heather darby 

invited him to participate in a sarE-funded 

farmer research project evaluating canola 

varieties for biodiesel production, he was 

thrilled at the prospect. 

“We had been dabbling for a while so we 

were pleased to jump in,” rainville said. “it’s 

been frustrating to see big companies get 

millions and tell us we couldn’t [produce 

our own energy], when, in fact, farmers can 

do this themselves.”

rainville was particularly excited about 

the multiple prospects from canola. “We 

could see growing our own canola oilseed, 

producing our own fuel and still having the 

byproduct for cattle feed,” he said. given 

that there are approximately 10,000 cows 

within a 20-mile radius of his operation, 

and that canola meal can fetch up to $200 

per ton, rainville quickly grasped how the 

economics would work in his favor.

in 2005, the first year of the trial, 

darby and rainville planted more than 21 

varieties of canola, selecting the top three 

for the following year. “We wanted 

varieties that were high yielders, high oil 

[producers], and [would be] available in 

years to come,” said darby. the farmers 

also selected varieties that enabled them 

to save seed. 

rainville found it easy to grow the 

canola and fit it into his existing corn- 

alfalfa rotation, but harvesting the seed 

proved more of a challenge. in the gusty, 

cool plains of the Midwest, where canola 

is traditionally grown, the crop is mowed 

to shelter it from blustery winds. in ver-

mont, however, correct timing of the swath-

ing proved difficult. rainville found that 

waiting too late caused a high proportion 

of seed pods to shatter. the following year, 

an unusually wet august caused many of 

the seeds to rot. By the third year of the 

trials, however, rainville realized that in 

vermont, unlike the windy dakotas, the 

canola could ripen and dry without swath-

ing. in 2007, rainville harvested the canola 

directly out of the field, achieving yields of 

1.5 tons per acre, leaving him very optimistic 

about future production.

Because he anticipates excellent returns 

from the meal by-product, rainville is not 

worried about time and labor costs for 

biodiesel processing. he recently purchased 

a press to begin converting the canola seed 

to oil. next, he plans to set up a cooperative 

on his farm with other area oilseed farmers, 

who will use his facility to convert their 

own canola to biodiesel. rainville predicts 

he can grow and process enough canola 

to produce 2,000 gallons per year of 

biodiesel, enough to free his farm from 

fossil fuels.

“years ago, farmers used 10 percent of 

their land to fuel the farm — the feed went 

to the horses,” said rainville. “this is the 

same idea,” he added, referring to the canola 

crop being used to “feed” the tractors.

“the whole concept of being [energy] 

self-sufficient on the farm is really pretty 

exciting,” rainville said.

Close-up of canola  

in full bloom.
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Anaerobic digesters: systems that convert biomass, 

particularly food waste and animal manure, into energy.

Biodiesel: a fuel made from renewable, biodegradable 

sources, usually vegetable oil or animal fat.

Bioenergy: energy derived from recent living 

organisms.

Biofuel: solid, liquid or gas fuel consisting of, or derived 

from, biological materials. 

Biogas: a gas mixture of primarily methane and carbon 

dioxide, produced by anaerobic digestion or fermentation 

of organic matter, including manure, sewage sludge, 

municipal solid waste, or any other biodegradable  

feedstock. 

Cellulose: a complex carbohydrate found in the cell 

walls of plants. 

Carbon neutral: any activity that results in no net  

carbon emissions to the atmosphere.

Energy audit: a survey and analysis of the energy flows 

in a building or system including specific recommenda-

tions for improving efficiency and conservation.

Ethanol: an alcohol-based fuel produced by fermen ting 

and distilling sugars from plant materials. 

Feedstock: a raw biomass material that is converted  

to another form or product.

Net energy gain: when the energy obtained from an 

energy source is greater than the energy required to 

produce it.

Net metering: a state-level electricity policy that allows 

consumers producing energy to hook up to the grid. 

When customers are net metered, the utilities can only 

charge for energy consumption minus production.  

Photovoltaic (PV) cells: solar cells or solar photovoltaic 

arrays that convert sunlight into electricity.

Renewable energy: an energy resource that is replaced 

rapidly by natural processes.

Switchgrass (Panicum virgatum): a warm-season 

grass that is a dominant species of the central north 

American tallgrass prairie.

Volatile organic compounds (VOCs): organic 

chemical compounds that under normal conditions can 

vaporize and enter the atmosphere.
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Glossary

switchgrass has great 

potential as a bioenergy 

feedstock and can be 

grown in many parts of 

the united states.  

– Photo by Martin van der Grinten  

Sustainable Agriculture Research and Education (SARE) program.  
National grantmaking program to advance farming systems that  
are profitable, environmentally sound and good for communities. 
Currently funding sustainable energy projects. www.sare.org or  
(301) 374-9696 for print copies of publications.

Department of Energy National Renewable Energy Laboratory  
(DOE-NREL). Renewable energy and energy efficiency information  
for farmers and ranchers. www.nrel.gov/learning/farmers_ranchers.html.

Natural Resources Conservation Service (NRCS). Conservation planning 
and technical assistance to landowners to conserve natural resources, with 
increasing focus on energy conservation and efficiency. 
www.nrcs.usda.gov/technical/energy.

National Sustainable Agriculture Information Service (ATTRA).  
Publications on all aspects of on-farm energy use and production. 
www.attra.ncat.org/energy.php or (800) 346-9140 (English) and (800) 411-3222 
(Spanish) for print copies of publications. See also Farm Energy Search Tool, 
a website for energy-related equipment, funding and technical assistance. 
www.attra.ncat.org/attra-pub/farm_energy/search.php.

Environmental Law and Policy Center. Energy efficiency and renewable 
energy opportunities for farmers, ranchers and rural communities. 
www.farmenergy.org.

Department of Energy Office of Energy Efficiency and  
Renewable Energy (DOE-EERE). Access to hundreds of renewable 
energy and efficiency websites and documents. www.eere.energy.gov.

This bulletin was produced by 
Sustainable Agriculture Research 
and Education (SARE), supported 
by the National Institute 
of Food and Agriculture (NIFA),  
U.S. Department of Agriculture.

This bulletin was written by  
Diana Friedman, SARE Outreach. 
Any opinions, findings, conclu-
sions, or recommendations 
expressed in this publication are 
those of the author(s) and do 
not necessarily reflect the view 
of the USDA.

General Information for Clean Energy Farming
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Getting Started with Clean Energy Farming

Machinery and equipMent
Calculate air conditioning, heating and 
utility costs and potential savings.  
Western Area Power Administration  
Energy Services Team. 
www.wapa.gov/es.

Plate coolers, variable frequency  
drives and other on-farm, energy-saving 
measures. Center for Ecological  
Technology. 
www.cetonline.org/FarmBusiness/ 
for_your_farm_or_business.php.

Building efficiency
Improve Energy Efficiency in Agricultural 
Buildings. ATTRA. www.attra.ncat.org/
attra-pub/agbuildings.html.

Energy Estimator for Animal Housing.  
Online tool to estimate energy costs  
and savings for lighting, ventilation,  
heating, air circulation, milk cooling  
and water heating. NRCS. 
http://ahat.sc.egov.usda.gov.

energy audits
Sample energy audits of Maryland  
dairy and poultry farms. EnSave. 
www.ensave.com/services/farm-energy-
audits/sample-audits/.

Professional or do-it-yourself home  
energy audits. EERE. www.energysavers.
gov/your_home/energy_audits/index.
cfm/mytopic=11160.

Do-it-yourself online energy efficiency 
calculator. Alliant Energy.  
www.alliantenergy.com, then enter  
calculator in the search box.

food Miles
Marketing Strategies for Farmers and 
Ranchers. A bulletin on marketing  
strategies that save transportation- 
related energy costs. SARE. 
www.sare.org/marketing.

Links and publications on reducing food 
miles through community supported  
agriculture, farmers markets, direct  
marketing, etc. ATTRA. 
www.attra.ncat.org/attra-pub/ 
farm_energy/food_miles.html.

diversified cropping 
systeMs 
Diversifying Cropping Systems. A bulletin 
on agronomic crop alternatives. SARE. 
www.sare.org/diversify.

Energy Estimator for Nitrogen. Online  
tool to calculate nitrogen savings based 
on fertilizer type, costs, timing and  
placement. NRCS. 
http://nfat.sc.egov.usda.gov.

Water savings
Energy Estimator for Water. Online tool  
to estimate energy savings using different 
irrigation methods. NRCS. 
http://ipat.sc.egov.usda.gov.

Energy Saving Tips for Irrigation. ATTRA. 
www.attra.ncat.org/attra-pub/ 
summaries/summary.php?pub=119.

Smart Water Use on Your Farm or Ranch. 
A bulletin on sustainable water use. SARE. 
www.sare.org/water.

diversified aniMal 
operations
Grazing Systems Planning Guide.  
A comprehensive guide to grazing.  
University of Minnesota Extension. 
www.extension.umn.edu/distribution/
livestocksystems/DI7606.html.

Rangeland Management Strategies.  
A bulletin on creating and sustaining a 
healthy range. SARE. 
www.sare.org/rangeland.

reduced tillage
Interactive no-till web page for farmers. 
New Farm/Rodale Institute.  
www.rodaleinstitute.org/ 
no-till_revolution.

Energy Estimator for Tillage. Online tool 
to estimate diesel fuel use and costs for 
key crops. Compares energy savings  
between conventional and alternative 
tillage systems. NRCS. 
http://ecat.sc.egov.usda.gov.

cliMate change and 
carBon sequestration
Information on carbon and greenhouse-
gas trading. Chicago Climate Exchange. 
www.chicagoclimatex.com.

Resources for farmers to make practical 
and profitable decisions regarding climate 
change. www.climateandfarming.org.

Climate Friendly Farming project. Washing-
ton State University. 
http://csanr.wsu.edu/CFF/.

Wind
Calculate local wind speeds. The Iowa  
Energy Center: www.iowaenergycenter.
org/ and The Wind Energy Resource Atlas: 
www.nrel.gov/rredc/, then click on wind 
resource information. For western regions 
only: www.windpowermaps.org and 
www.energyatlas.org.

Government incentives and other informa-
tion on small wind systems. The American 
Wind Energy Association. www.awea.org.

Wind maps and resources, online calculator 
to evaluate wind projects and determine 

feasibility of small wind systems. 
www.eere.energy.gov, then click on wind 
and hydropower.

solar 
Basic information on small photovoltaic 
systems for homes and farms, and tools  
to estimate local solar resources. 
www.nrel.gov/learning/ 
fr_photovoltaics.html.

Information on solar-powered livestock 
watering systems, greenhouses and  
renewable energy on the farm. ATTRA. 
www.attra.ncat.org/attra-pub/ 
farm_energy/solar.html. 

aniMal digesters
Anaerobic Digestion of Animal Wastes: 
Factors to Consider. Introductory  
publication on digesters. ATTRA. 
www.attra.ncat.org/attra-pub/ 
farm_energy/.

Farm-based Anaerobic Digesters: Poten-
tial Benefits and Types. Michigan State 
University Extension. 
www.animalagteam.msu.edu/uploads/
files/20/anaerobic.pdf.

Information on biogas recovery to 
reduce methane emissions from 
livestock operations. AgSTAR. 
www.epa.gov/agstar.

Biodiesel
Biodiesel: A Primer; Biodiesel: The Sustain-
ability Dimensions; Biodiesel Production 
for On-Farm Use: A Curriculum for  
Agricultural Producers. ATTRA.  
www.attra.ncat.org/attra-pub/ 
farm_energy/biodiesel.html.

Comprehensive information on biodiesel. 
The National Biodiesel Board. 
www.biodiesel.org.

Biofuels curriculum and general 
information on biodiesel. Piedmont  
Biofuels Cooperative. www.biofuels.coop.

ethanol
Alcohol Can Be A Gas. Comprehensive 
book on sustainable ethanol production. 
International Institute for Ecological  
Agriculture. www.permaculture.com.

Ethanol Opportunities and Questions. 
Uses and benefits of ethanol. 
Includes suggestions for further 
reading on corn and cellulosic ethanol. 
ATTRA. www.attra.ncat.org/attra-pub/ 
farm_energy/ethanol.html.

Information on economics and energy 
balance of biofuels. USDA. 
www.usda.gov/oce/energy.

grass pellets
Research and equipment from REAP 
Canada: www.reap-canada.com, then click 
on bioenergy and climate change.

Grass pellet information from Cornell 
University: www.grassbioenergy.org/.

sustainaBle Biofuel 
production
Biofuel library and information on making 
your own biodiesel. Journey to Forever. 
http://journeytoforever.org. 

Articles on sustainable approaches  
to ethanol and biofuel production.  
The Institute for Self-Reliance. 
www.ilsr.org/initiatives/energy/.

Bioenergy, Climate Protection, Oil  
Reduction. Newsletter of current  
information on biofuels, bioenergy and 
biobased products. The Environmental 
and Energy Study Institute. www.eesi.org.

Alliance to build sustainable biodiesel 
practices, including harvesting, production 
and distribution. The Sustainable  
Biodiesel Alliance.  
www.sustainablebiodieselalliance.com.

future feedstocks
Switchgrass as a Bioenergy Crop.  
Switchgrass as a cellulose-to-ethanol  
and direct-combustion feedstock. ATTRA. 
www.attra.ncat.org/attra-pub/ 
summaries/summary.php?pub=311.

Up-to-date research findings on biomass 
feedstocks and conversion technologies. 
EERE: www1.eere.energy.gov/biomass/. 

The Bioenergy Feedstock Information 
Network (BFIN): http://bioenergy.ornl.gov.

Research-based site on biomass  
resources for bioenergy and bioproducts. 
The Sun Grant Initiative. 
http://bioweb.sungrant.org.

financial resources
Energy-related equipment, funding and 
technical assistance by state.  
www.attra.ncat.org/attra-pub/ 
farm_energy/search.php.

State-by-state listing of state, local, utility 
and federal incentives, tax credits, local 
audits, net metering regulations and  
available rebates. North Carolina Solar 
Center. www.dsireusa.org.

Grants and loan guarantees to assist  
agricultural producers with purchasing  
renewable energy systems and energy  
efficiency improvements. USDA-Rural  
Development. 
www.rurdev.usda.gov/energy.html.
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